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oriented  applications.  Now  that  many  of  the  problems  and  hazards  of  these  cells  are  better 
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SFtTION  1 
INTRODL'CTION 


A new  lithium-inorganic  electrolyte  battery  is  now  available  that  has  valuable 
properties  (I,  2.  3).  It  has  high-energy  density  and  the  potential  for  a long  shelf  life;  it  can  be  config- 
ured for  either  low  or  high  discharge  rates  and  from  very  small  to  very  large  si/.e  cells.  Fhese 
characteristics  are  valuable  to  many  ocean-oriented  applications,  including  oceanographic  instru- 
mciitation.  sonar  systems,  biotelemetry  devices,  undersea  weapons,  small  underva  vehicles, 
meteorological  instrumentation,  field  communications,  etc.  However,  only  limited  performance, 
safety  and  cost  data  have  been  available  for  this  battery;  these  data  were  insufficient  for  a complete 
evaluation  and  selection  for  projected  ocean-oriented  applications. 

The  objective  of  the  Lithium-Inorganic  Mectrolytic  Battery  IX-velopment  Program  was 
to  determine  the  performance,  safety,  reliability  and  environmental  limits  of  this  battery,  as 
configured  for  ocean  systems,  and  to  provide  basic  data  for  planners  and  designers  of  future 
military  ocean  systems.  The  major  criteria  investigated  included  energy-per-weight,  volume  and 
cost;  power  and  endurance  range;  sensitivity  to  low  temperature  and  depth;  storage  environments; 
operability  and  reliability;  deployment  factors;  and  cell  emissions  and  hazards.  Table  l-l  presents 
the  types  of  data  required  by  engineers  in  the  development  of  reliable  systems. 

This  program  was  implemented  by  first  analyzing  numerous  possible  applications  to 
identify  representative  testing  requirements.  Three  detailed  test  plans  were  prepared:  ( 1 1 to 
determine  the  normal  operating  parameters  to  be  expected  from  the  cells;  (2)  to  explore  cell 
output  characteristics  during  anticipated  Navy  use;  and  (3)  to  become  aware  of  any  possible 
hazards  from  mishandling  large  batteries  made  from  these  cells. 
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TABLE  M.  POWER  SOURCE  CHARACTERISTICS. 


Parameter 

Availability 

Energy  per  weight 

Energy  (ter  volume 

Energy  per  cost 

Power  range 

Endurance  range 

Rechar  geahility 

Low  temperature  performance 

ExperKfability 

Critical  materials  used 
Depth  sensitivity 

Shelf  life 
Restart  capability 
Emissions 
Operability 

Reliability 
Maintenance 
Deployment 
Power  conditioning 
Start  up  time 
Hazard  and  safety 


Data  Format 

Devefrrpment  status 

Watt  hours. kilogram 

Watt  hourS'Cubic  centimeter 

Watt  hours/ilollar 

Watts 

Hours 

Electrical,  mechanical.  rM>ne 
\ capacity  at  0°C 
Ex|>endalile,  recovery  desired, 
or  essential 
Silver,  platinum,  etc 
Surface,  sutimerged  pressure 
equalized  or  hull 
Years 

Instantanenus.  delayed,  none 
Gases,  heat,  noise,  etc 
Simple,  specialized  training, 
highly  specialized 
Failure  rate 

None,  periodic,  after  failure 
Drop,  lower,  position,  etc 
Input  voltage,  regulation,  etc 
Predeployment,  post  deployment 
Explosives,  toxic  materials,  etc. 


(VIK  i>l  vunous  M/es  and  discharge  rate  designs  were  procured  and  tested.  The  tests 
identified  numerous  physical,  material,  engineering,  and  operational  dcricicncies.  hxperiments  were 
initiated  to  iliscover  ways  to  overcome  these  weaknesses.  As  a result,  the  corrections  acconiplislied 
now  provide  a technology  that  is  being  used  in  multiple  applications. 

This  report  describes  the  types  of  cells  tested,  the  test  program,  pertinent  test  results, 
cell  improvements  that  have  been  made,  application  experience  to  date,  and  recommended 
development  needed  for  wide  applications  of  the  technology. 
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ShCTION  2 
CLLL  DFSCRiniON 

At  the  present  time  prototype  lithium  eells.  with  an  inorjianie  liquiil  as  the  electro- 
lyte. are  available  from  several  companies  including  (iTb  Laboratories,  P K.  Mallory  & Co.,  Inc.. 
Honeywell.  Inc.,  and  Elcclrochimica  Corp.  The  electrolyte  is  composed  of  inorganic  salts 
(lithium  aluminum  chloride)  in  an  organic  solvent  (thionyl  chloride).  Imergy  is  produced  by 
the  electrochemical  decomposition  of  the  inorganic  solvent  material  at  the  carbon  electrode 
and  o.xidation  of  the  lithium  during  discharge  of  the  cell.  The  cathode  is  constructed  of  a 
high-porosity  carbon  which  allows  circulation  of  the  catholyte  and  space  for  accumulation  of 
reaction  products.  The  inorganic  solvent  decomposes  only  when  the  load  circuit  is  closed, 
thereby  making  it  possible  for  the  battery  to  operate  effectively  for  several  years.  I'igure  2-1 
schematically  illustrates  the  battery  construction. 

The  inorganic  lithium  battery  has  an  open-circuit  voltage  of  > 3.6  volts.  Unlike 
conventional  solid  cathodes,  the  distance  between  the  reactive  zones  of  the  electrodes  remains 
nearly  constant  upon  discharge  and  the  cells  exhibit  exceptional  voltage  stability,  approaching 
1 percent.  Since  the  electrolytic  solution  is  also  the  depolarizer,  the  weight  of  the  cathode 
does  not  burden  the  cell  and  energy  densities  of  S.SO  watt-hours/kg  to  WJ  of  the  initial 
voltage  are  realized  in  simple  cells. 
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I i>:urc  2-1  Batten  Construction. 


As  iloscriboil  in  AppiMulix  A rccharjifable  alkali  mclal  batlcrics,  now  beint*  ilcvclopi-d 
for  electric  vehicles  for  tfie  lime  period,  offer  a polenlial  improvemeni  in  energy  density 

beyond  thal  available  with  silver-/inc  batteries  I l-igure  2-2).  State-of-the-art  or  near-term  batteries 
with  performance  better  than  that  of  silver-zinc  batteries  are  limited  to  the  primary  type  of 
zinc-air  and  lithium  organic  electrolyte  batteries  and  the  very  high  energy  density  now  obtainable 
with  lithium  inorganic  electrolyte  batteries. 

Beyond  the  weight  and  volume  advantages,  the  lithium  inorganic  electrolyte  cell  has 
cost  advantages  that  make  it  particularly  attractive  in  large  size  cells  of  I00.  1000.  or  10.000 
ampere  hours. 

In  spite  of  much  work  by  many  investigators  the  chemistry  of  the  lithium  inorganic 
battery  is  yet  to  be  described.  Workers  at  (JTI-  1 1 ) suggested  the  reaction 

8 Li  + 3 SCX  ls  = Li^SOj  + 6 LiCI  + 2 S 

but  the  inadequate  amounts  of  LisSOj  and  the  incorrect  LiCl  to  Li  ratios  observed  per 

f araday  of  charge  indicate  that  it  appears  to  be  invalid.  A second  hypothesized  reaction  (2) 

8 Li  + 4 SfX'U  = Li2S204  + 6 LiCl  + S^CN 

has  also  been  considered  invalid  because  S-)C1-)  could  not  be  shown  to  be  a reaction  product. 

Lie  Corp.  (2,  3.  4)  has  quantified  the  reaction  products  formed  during  discharge  of  this 
battery  and  found  that  at  25°C.  0.48  ± 0.07  mole  of  SO2.  0.25  mole  of  elemental  sulfur, 
and  I mole  LiCl  are  formed  per  Laraday  of  charge.  These  data  are  almost  consistent  with 
the  following  equation. 

4 Li  + 2 SOCI2  = S + 4 LiCl  + SOs 

The  measured  amounts  of  sulfur  and  lithium  chloride  satisfy  the  equation  but  the  quantity  of 
sulfur  dioxide  is  high  by  a factor  of  two.  Ihus  it  is  clear  that  the  cell  chemistry  cannot  be 
described  by  a single  simple  equation. 

The  equilibria  existing  in  the  battery  prior  to  current  flow  can  be  summarized  as 

follows: 


S(X  1^ 
W'eak  1 1 

+ 2 cr  sck'It 

+ A1CI4- 
Strong 

SCK’I"^ 

+ cr 

+ 

LiAlCl4  AlCl, 

+ 

+ 

LiCl 

It 

Li* 

+ SeX'U 
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SPECIFIC  POWER.  WATTS  PER  POUND 


SPECIFIC  ENEHC.V  WATT  HOURS  PER  KILOGRAM 

10  100  1000 


Figure  2-2 


Ffrlomiance  Capahilitics  of  Various  Batteries. 


SPECIFIC  POVMER  WATTS  PER  KILOGRAM 
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I rom  ihiN  iiiagrani  it  can  ho  sivn  Ilia!  a very  complex  oquilihnum  exists  Ivlween  the  tollowinp 
species. 

S()(  I,.  IiAK  I4.  I.iCl.  AH  I3.  SO(  Al(  I4*.  I.i^.  ScO".  ( T.  SO, 

Sulfur  liioxiili'  was  uililcd  bccauss-  I K (.^»  sliowcil  tliat  thionyl  chlorulc  could  not  be  separated 
from  it  by  distillation  and  all  thionyl  chloride  measured  by  them  contained  dissolved  SOs. 

When  current  Hows  the  following  half  cell  reactions,  and  perhaps  others,  can  take- 

place: 


1,1  -*  Li'^  + e'  I 

ZSOCh  + 4 e’  - + SOs  +4(r  il 

: SOs  + : e"  - Ss04  iii 

Multiplying  reaction  I by  4 and  adding  it  to  reaction  II  yields  the  over  ail  reaction 

4 Li  + : SOCls  - S + 4 LiCl  + SOs 

Reaction  III  must  be  considered  since  the  sulfur  dioxide  is  initially  present  at  a low  concentration 
but  increases  as  the  cell  discharges  and  can  act  as  a cathode  depolarizer  by  this  reaction  Possible 
presence  of  lithium  dithionite  must  also  be  considered  when  the  mass  loading  of  the  cathode  is 
estimated. 

It  can  be  seen  that  the  chemistry  is  not  defined  and  may  vary'  with  temperature, 
state  of  discharge  and.  perhaps,  with  other  as  yet  unidentified  parameters. 

l our  sizes  of  cells  have  been  tested  in  this  program  (AA.  1).  double-1),  and  100  AH  I 
and  are  depicted  in  Figure  2-3.  Principal  design  characteristics  of  these  cell  types 
are  shown  schematically  in  Figure  2-4.  A simple  “bobbin”  type  of  cell  construction  was 
preferred  for  low-rate  applications.  This  consisted  of  a central  "bobbin”  cathode  and  a 
peripheral  cylindrical  anode  attached  to  the  cell  container.  This  cell  type  was  labeled  "High 
Fnergy  Cell”  with  a maximized  capacity  obtainable  below  a certain  limiting  discharge  rate. 

The  second  “jelly  roll”  cell  type  is  the  “High  Power  C ell”  shown  in  the  same  figure.  It 
comprises  high  surface  area  electrodes  assembled  in  a wound  configuration  for  high-rate 
applications.  Both  cell  types  are  built  using  commercial  cell  hardware  wherever  possible. 

A hermetic  seal  was  designed  specifically  for  use  with  the  inorganic  lithium  battery  system.  A 
more  conventional  battery  crimp  seal  was  developed  and  tested,  ( ells  were  built  with  both 
types  of  seals  using  practical  assembling  procedures. 
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CROSS  SECTION  COMPARISON 


HIGH  ENERGY  CELL 


HIGH  POWER  CELL 


f igure  2-4.  Cell  Design  Characteristics. 
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SECTION  3 
CELL  TESTS 


riiree  detailed  test  plans  were  prepared  to  ( I ) determine  the  normal  operating 
parameters  to  be  expected  from  the  lithium  inorganic  electrolyte  cells,  (2)  explore  cell  output 
characteristics  during  anticipated  Navy  use,  and  (3)  become  aware  of  any  possible  hazards  from 
mishandling  large  batteries  made  from  these  cells.  A summary  of  the  types  of  tests  performed 
is  shown  in  Table  3-1. 

TABLE  3-1.  TEST  PLAN  OF  LITHIUM  INORGANIC  CELLS. 

I.  PERFORMANCE 

A.  CONTINUOUS  AND  PULSE  DISCHARGE 

a.  WITHOUT  STORAGE 

b.  ROOM. TEMPERATURE  STORAGE 

c.  HIGH  TEMPERATURE  STORAGE 

d.  STORAGE  IN  HUMID  ENVIRONMENT 

B.  VOLTAGE  DELAY/PASSIVATION 

C.  ORIENTATION  SENSITIVITY 

D.  VOLT-AMPERE  AT  VARIOUS  DISCHARGE  STATES 

II.  ENVIRONMENT 

A.  SHOCK 

B.  VIBRATION 

C.  HYDROSTATIC  PRESSURE 

D.  HIGH  ALTITUDE 
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TABLE  3-1.  TEST  PLAN  OF  LITHIUM  INORGANIC  CELLS  (Cont.). 


III.  SAFETY 

A.  NAIL  AND  BULLET  PENETRATION 

a.  FRESH  CELL 

b.  DISCHARGED  CELL 

B.  SHORT  CIRCUIT 

C.  CHARGING  CURRENT  AND  REVERSE  POLARITY 

D.  INCINERATION 

E.  IMPACT 

EARLY  CELL  TESTS 

RefereiKc  5 ilescrihcs  the  test  results  with  orijiinal  U-si/.e  llitih  luierjiy  aiiil  llijih  Power 
cells  in  E^'  75.  Numerous  lieficiencies  in  these  cells  were  iletermineil  and  corrected.  As  a 
result,  an  improved  configuration  has  heen  evolved.  Summari/.eil  in  the  following  are  the 
results  of  these  tests: 

Hie  bulk  of  the  testing  effort  utilized  the  D-size  cell  with  a crimped  seal.  I resh 
l)-size  high-energy  cells  provided  the  manufacturer’s  specified  performance  only  at  low  current 
discharge  rates  of  100  milliamperes  or  less.  Cell  voltage  prematurely  decreased  to  below  cutoff 
values  when  discharge  rates  were  greater  than  100  milliamperes  on  D-size  cells.  This  means  that 
D-size  high-energy  cells  should  not  be  used  in  applications  having  a continuous  discharge  life 
less  than  5 days,  hleal  applications  should  have  discharge  periods  of  weeks  or  months  for 
maximum  cell  efficiency. 

File  performance  tests  were  conducted  at  both  room  temperature  and  at  5°C  with 
discharge  rates  varying  from  5 to  100  milliamperes.  (!ood  performance  and  long  life  were 
achieved  above  .1  volts  for  a majority  of  the  cells  tested. 

Short  storage  periods  (less  than  three  months)  at  room  temperature  (less  than  25°C) 
do  not  adversely  affect  the  performance  of  cells  with  crimped  seals.  However,  longer  periods 
(over  eight  months)  have  a very  damaging  affect  on  the  cell  by  causing  corrosion  around  the 
seal  and  reducing  cell  ampere-hour  capacity.  In  addition,  these  cells  severely  passivate  when 
stored  for  a long  time,  resulting  in  a significant  voltage  delay.  The  extreme  case  involves  the 
nonhermetically  scaled  cells  stored  outside  (in  a metal  chest)  for  one  year.  In  this  case 
corrosion  was  complete  and  cell  capacity  reduced  to  zero.  The  hermetically  sealed  cells  are 
not  expected  to  have  this  problem. 

Another  problem  is  that  these  cells  seem  to  be  sensitive  to  cell  orientation  during 
tlischarge.  Maximum  capacity  is  possible  with  the  cell  vertically  upright,  with  minimum  capacity 
resulting  when  the  cell  was  vertically  oriented  with  the  positive  terminal  down.  Any  method 
that  will  allow  the  electrolyte  to  wet  the  electrodes  will  prolong  the  cell  discharge  life. 
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Atu'tluT  plionoineiiDn.  roLiti-d  ti)  Drii-iitiitioii  si'iisiiivity,  is  cell  sleeping  when  discharging 
m a very  ipiiet  environment.  This  was  observed  in  some  tests  and  results  in  a premature  decrease 
m cell  voltage  due  to  the  clogging  of  the  cathoile  or  interelectrode  region  by  products  of  the 
reaction  which  reduces  electrolyte  contact  with  the  electroilcs. 

The  high-power  configuration  (high  rate)  is  morc  prone  to  explode  than  the  high- 
energy  configuration.  These  high-power  cells  will  explode  within  15  minutes  if  short  circuited 
(discharging  at  a rate  of  about  20  amperes  without  cooling).  I hey  will  also  explode  when 
exposed  to  a temperature  slightly  above  IbO'C  (for  about  1/2  hour)  and  when  punctureil 
rapidly  by  a sharp  object.  Ihe  explosion  liberates  a large  quantity  of  white  gas.  probably 
vapori/ed  thionyl  chloride  I'lns  gas  cpuckly  hydrolizes  because  of  the  moisture  in  the  atmosphere 
and  forms  acids  of  IK'I  and  SO;.  I'wo  methods  that  have  been  ilemonstrated  to  jirevent  the 
explosion  are  to  keep  the  ceil  cool  during  high-rate  discharge  and  to  use  an  additive  such  as 
sulfur  monochloride  to  dissolve  the  elemental  sulfur  produced  during  normal  discharge. 

High  humidity  hxs  such  a disastrous  effect  on  steel-cased  cells  (complete  case 
corrosion  within  a year)  that  submerging  the  cells  in  seawater  has  been  shown  as  a rapid  means 
of  dispo.sing  of  the  cells. 

Shock  and  vibration  did  not  degrade  the  performance  of  the  high-energy  cells,  at 
least  not  at  the  frequencies  normally  found  on  board  ship. 

l ikewise,  the  effect  of  pressure  on  a pressure-compensated  cell  does  not  harm  the 
cell  (actually  the  performance  improves  because  the  electrolyte  can  more  thoroughly  wet  the 
electrode  surface  area).  Pressure  equalization  results  in  higher  current  densities  from  the  cell 
electrodes. 

Other  methods  that  could  be  used  to  achieve  higher  current  cells  for  propulsion 
and  pulse  power  applications  are  to  increase  the  electrode  surface  area  by  using  large-area  thin 
electrodes  or  possibly  hermetically  sealing  the  cell  to  prevent  the  escape  of  high-pressure  gaseous 
discharge  products  from  the  cell. 

Voltage  delay,  experienced  with  cells  that  have  been  stored  for  long  periods  of  time, 
can  be  overcome  by  shocking  the  cell  either  physically  or  thermally  (high  temperature  or  very- 
low  temperature).  Hydrostatic  pressure  ('v200-ft.  depth)  also  depassivates  cells. 

( ells  of  100  ampere-hours  have  also  been  built  and  successfully  tested.  Cells  with 
capacities  up  to  10.000  ampere-hours  could  be  similarly  designed  that  would  be  relatively 
economical  for  many  military  applications  that  require  large  amounts  of  energy. 

The  AA-size  cell  is  designed  for  very  low  discharge  rates  lasting  up  to  ten  years. 

When  discharging  at  SO^C  at  a rate  of  1.6  milliamperes  a cell  capacity  of  1.8  ampere  hours 
(above  3 volts)  was  observed. 

The  Dl)*siz.e  cell  can  deliver  higher  currents.  With  this  cell  discharging  at  160  milli- 
amperes  (at  SO^C),  the  capacity  above  3 volts  was  observed  to  be  19.5  ampere  hours. 
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Tho  hiph-powcr  cells  luive  recently  been  tested  to  determine  their  perlormance  diirin}* 
a 6-minute  and  a 2-hour  discharpe  rate.  The  results  are  shown  in  Fipurcs  3-1  and  3-2.  These 
tests  were  conducted  with  the  cell  immersed  in  150  milliliters  ol'  mineral  oil  to  minimi/e 
temperature  rise.  Hie  temperature  increased  Iroin  room  temperature  to  a maximum  ol  120"! 

.•\s  a result  ol  the  75  development  et'lort  the  t'ollowinp  conclusions  have  been 

reacheil; 

a.  The  chemistry  of  the  lithiiim-inorpanic  cell  works  and  produces  a battery 
with  outstandinp  perrormance. 

b.  The  advantapes  or  fusinp  lithium-inorpanic  electrolyte  cells  are  numerous: 

1.  Hiph  enerpy  density  (200-250  WII  I B) 

2.  Hiph  cell  voltape  (3.6  VIXT 

3.  Potentially  lonp  shelf  life 

4.  l.onp  operatinp  life 

5.  Completely  contained  and  no  movinp  parts,  tluids,  or  pases 

6.  Atmospheric  pressure  internally 

7.  Good  low-temperature  performance 

X.  (iood  voltape  reputation 

Potentially  least  expensive  in  larper  si/e  cells 

10.  Wide  ranpe  of  sizes  possible 

11.  Can  be  pressure  equalized  for  deep  ocean  applications 

12.  (iood  tolerance  to  hiph  shock  and  vibration 

The  eleventh  advantape  has  a tremendous  value  when  larper  batteries  are  to  be  used  at 
deep  ocean  depths  of  20,000  feet.  Massive  pressure  hulls  to  house  the  batteries  can  be 
eliminated  by  pressure-equalizing  cells. 

c.  There  is  a definite  need  for  this  cell  in  both  hiph-rate  applications  (e.i.,  vehicle 

propulsion  systems)  and  lonp-term.  low-rate  applications,  as  in  surveillance 
system  power  sources. 

d.  The  Fiscal  Year  1975  effort  has  demonstrated  the  capabilities  of  the  cell  as 
well  as  uncovered  some  of  its  limitations.  Basic  work  is  still  needed  to  under- 
stand the  causes  of  these  limitations  and  to  suggest  ways  to  minimize  or 
eliminate  them. 

e.  Future  development  work  needs  to  concentrate  on  six  of  these  problems: 

1 . High-power-cell  hazards 

2.  The  “sleeping”  phenomenon 

3.  Voltape  delay 

4.  Reverse  polarity  hazards 
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15  AMP  DISCHARGE 

CELL  IMMERSED  IN  150  ml  OF  MINERAL  OIL 
ELECTRODE  LENGTH  25.4  CM 
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Fipuro  3-2.  ( oinparison  of  High  l*i)\vcr  I)  .Si/c  Cells. 


5.  PrcsMiu-  compensation  and  resc*rve  activation 
(v  High-power-density  applications 
7.  l,arpe-si/,e  cells 
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SFCTION  4 


ACCOMPLISHMENTS  OF  FY  76 


During  F Y 76  the  test  program  was  continued,  addressing  the  shortcomings  ol 
earlier  cell  hardware.  An  improved  configuration  has  evolved,  solving  the  deficiencies  observed 
in  earlier  cell  hardware.  This  cell  comprises  a hybrid  conliguration  with  two  (2>  concentric 
anodes  housed  in  a stainless  steel,  hermetically  sealed  case  with  purified  electrolyte.  The  cell 
is  a 1)1)  size,  twice  the  length  of  the  conventional  D-size  cell. 

Recent  test  results  on  high-power.  D-size  cells  and  newly  contnicted  !)D  and  AA 
cells  will  be  discussed  in  the  following  paragraphs. 

HIGH-POWER-CELL-HAZARD  TESTS 

Ihe  high-power  cells  designed  to  provide  high  discharge  rates  are  potentially  dangerous 
when  short  circuited  or  penetrated.  Table  4-1  summarizes  the  tests  conducted  to  determine  the 
causes  of  this  problem.  Migh-power  cells  will  usually  detonate  when  shorted  or  penetrated  by 
a nail.  Penetration  by  a bullet  causes  a thermite-like,  nonexplosive,  reaction.  Possible  reasons 
for  this  phenomenon  are  that  the  nail  and  the  bullet  will  short  out  the  cell  internally,  resulting 
in  a heat  build  up.  Iliis  electrical  shorting  will  increase  the  sulfur  content.  The  reason  for 
different  results  is  due  to  whether  the  cell  is  totally  penetrated  or  not.  The  bullet  diminishes 
the  concentrations  of  reactants  by  ejecting  thionyl  chloride.  But  it  does  transfer  enough 
kinetic  energy  to  the  lithium  metal  as  it  penetrates  the  cell  to  melt  the  lithium,  resulting  in 
a lithium-sulfur  thermite-like  reaction.  The  nail,  though,  stays  in  the  cell,  keeping  the  cell 
components  intact,  allowing  a build  up  of  heat  and  pressure  to  occur.  TTiis  will  result  in  a 
possible  explosion. 
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TABLE  4-1  HIGH  POWER  D CELL  HAZARD  TESTS 


< 


One  solution  to  the  explosion  problem  was  the  aildition  ol  siillur  monoehlorule, 

S-.('l-<.  The  purpose  of  the  S^CI-i  is  to  keep  the  elemental  sulliir  in  solution,  thereby  preventinj.' 
It  from  reacting  with  the  lithium.  Similar  penetration  and  short  circuit  tests  were  conducted  on 
high  power  cells  with  S-»('l-i.  No  explosion  was  detecteil. 

A fully  discharged  cell  may  still  be  dangerous,  unless  it  contains  S-»(  l->.  When  mkIi  a 
cell  was  penetrated  by  a nail,  no  explosion  or  lire  resulted  because  of  insufficient  electrical 
energy  to  heat  the  lithium  to  its  melting  point.  However  the  kinetic  energy  transferred  by  a 
bullet  impact  is  sufficient  to  melt  the  lithium,  thereby  initiating  the  lithium-sulfur  thermiie-like 
reaction.  By  solubilizing  the  sulfur  with  S-»('l->  this  reaction  is  precluded. 

I he  addition  of  S->(  li  to  the  battery  adds  to  the  number  of  possible  chemical 
reactions.  When  heated.  .SiCl-i  will  decompose  and  can  potentially  produce  all  or  part  of  the 
following  reactions.  (Note  that  the  following  are  not  balanced  equations  but  only  show  possible 
specified  interrelationships.) 


SiCIs 

A ^ 

S2(l2  sa2+  s 

it  A + 

S2(  h Ch 


A = Heat  Addition 


•Since  boil.ng  points  of  SCIi  and  SOCU  are  and  78°C',  respectively,  the  pressure  in  the 

battery  will  increase  rapidly  as  the  temperature  rises.  At  high  temperatures  thionyl  chloride 
will  tend  to  decompose  into  sulfur  monoxide  and  chlorine. 


If  the  heat  is  derived  from  higli  current  during  the  discharge,  then  the  pressure  in 
the  battery  case  will  be  the  sum  of  the  vapor  pressures  of  the  thionyl  chloride,  and  the  three 
identified  gases  Ch.  S()2,and  SO.  At  higher  temperatures  the  vapor  pressure  of  sulfur  mono- 
chloride  (B.H.  l.^X‘’(  ) must  also  be  considered.  If  the  temperature  rise  is  high  enough  to  pro- 
duce sullicient  pressure  to  rupture  the  battery  case,  the  consequences  will  range  from  simple 
release  ol  S()(  I 2 to  the  atmosphere  and  hydrolysis  according  to  reaction 

SOCK  + H2()  - 2 H(  1 + SO-, 

to  fire  and  or  explosion.  Our  research  strongly  suggests  that  the  reaction  that  initiates  a fire 
or  explosion  is  the  therrnile-like  reaction 


2 Li  S -•  Li-,S  + Heat 

The  temperature  reached  by  this  exothennic  reaction  is  of  the  orJer  of  l.SOO  to  1600  degrees 
( elsius  (5).  With  the  case  open  to  the  atmosphere  at  these  temperatures,  many  possible 
reactions  can  produce  hazardous  gases.  The  probability  of  any  or  all  of  these  reactions 
occurring  is  difficult  to  estimate  because  it  is  dependent  on  the  extent  of  rupture  of  the  case, 
the  amount  of  discharge  that  has  (Kcurred  pnor  to  rupture,  and  the  actual  temperature 
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by  llio  battery. 

In  the  ease  of  liattery'  rupture  anil  fire  it  is  elear  that  the  ftreat  bulk  ol  (las  will  be 
sullur  ilioxiile  aiul  hydrogen  ehloriile.  SuKur  ilioxiile  ean  be  (brmeil  by  three  reactions: 

.SO  + - SO-, 

S + ()-,  -*  SO-, 

s(K  I -,  + iho  ^ SO-,  + : IK  I 
anil  hyilrogen  chloride  by  hydrolysis  of  thionyl  chloride. 

Since  there  is  an  abundant  supply  of  carbon  in  the  cathode  it  is  reasonable  to  expect 
both  carbon  monoxide  and  dioxide  to  be  formed  by  the  reactions 

2 f + Ot  : CO 

2 (■  + 2 0-,  - 2(02 

.\{  high  temperatures  thionyl  chloride  will  decompose  to  produce  sulfur  monoxide  and  chlorine 
gas  as  follows: 

SOCIs  "i"'  .SO  + (Is 

If  sufficient  CO  is  produced,  the  possibility  of  it  reacting  with  the  chlorine  to  produce  phosgene 
must  be  recognized.  The  reaction  would  proceed  as  follows: 

CO  + CIs  - ('()(■  I s 

If  the  battery  is  nearly  fully  discharged  and  a large  amount  of  sulfur  is  present  and  the  fire  is 
oxygen  starved.  CO  could  react  with  the  hot  sulfur  to  produce  a poison  gas  by  the  Ibllowing 
reaction: 

CO  + .S  - ( O.S 

While  there  is  no  evidence  to  show  the  formation  of  this  gas.  its  potential  presence  must  be 
considered  in  any  safety  evaluation. 

The  fire  after  container  rupture  can  also  he  in  part  attributed  to  a direct  reaction 
between  hot  lithium  and  atmospheric  nitrogen: 

Li  + N - Li3N 

Ihere  is  a small  chance  that  at  the  high  temperature  of  the  fire  some  of  the  lithium  will  react 
with  the  cathode  material  to  form  lithium  carbide  by  the  following  reaction: 

2 Li  + 2C  - Li^Ci 

If  water  is  applied  to  the  fire,  then  the  sulfur  monochloride  will  react  to  produce 
additional  hydrogen  eld  nde  and  sulfur  dioxide.  Lithium  nitride,  if  present,  will  form 
ammonia,  and  lithium  carbide,  if  formed,  will  produce  acetylene.  The  ammoniy  and  acetylene, 
if  at  all  present,  will  constitute  a very  small  percentage  of  the  total  gas  produced.  Another 
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serious  poison-p;is-proiliKin{!  component  is  tlie  teflon  binder  in  the  cathode.  The  thermal 
decomposition  ot  the  polytetralluoroetliylene  can  be  ha/ardous.  Ihe  lluorinated  olel'inic  by- 
products. particularly  the  perlluoroisobutylene.  are  toxic  when  inhaled.  In  addition,  the 
monomer  at  low  temperatures  can  lomi  with  oxygen  a polyperoxide  which  is  very  unstable 
and  can  detonate. 

CELL  SLEEPING 

The  phenomenon  that  is  referred  to  as  cell  “sleeping"  is  illustrated  m l igure  4-1. 

Ibis  phenomenon  is  a premature  decrease  in  cell  voltage  when  being  discharged  in  a very  quiet 
environment.  When  a cell  is  “sleeping.”  the  cell  voltage  can  be  immediately  restored  to  normal 
S gently  tapping  on  the  cell.  Sleeping  has  been  attributed  to  reaction  products  blocking 
catholytc  circulation  within  the  pores  of  the  cathode  structure  and  clogging  the  interelectrode 
region,  reducing  electrolyte  contact  with  the  electrodes.  The  amount  of  lithium  chloride  formed 
during  discharge  of  a double-D-size  cell  is  approximately  40  grams.  The  amount  of  thionyl 
chloride  present  at  the  end  of  the  2.*'  ampere  hours  of  discharge  is  only  14  grams,  f rom  these 
calculations  it  is  clear  that  this  small  amount  of  solvent  cannot  hold  the  large  amount  ot  lithium 
chloride  in  solution.  Thus.  LiCI  should  crystalli/e  throughout  the  cathode  structure,  thereby 
restricting  the  How  of  the  residual  StX'li.  Ihere  is  no  availaide  solvent  that  could  be  initially 
incorporated  in  the  battery  in  sufficient  quantities  to  hold  this  large  amount  of  I.iCI  in  solution. 
Iherelore.  altering  the  cell  chemistry  is  not  the  necessary  approach  to  solving  the  sleeping  problem. 
Instead,  the  cell  has  to  be  redesigned  to  include  the  following; 

1.  Purilled  electrolyte 

2.  Water-  and  gas-tight  seal 

3.  Larger  anode  surface  areas 

4.  Thinner  cathodes 

5.  Slight  increase  in  internal  pressure  due  to  the  preservation  of  the  gaseous  products 

6.  All  stainless  case 

( ells  constructed  in  this  manner  were  tested  to  see  if  the  sleeping  problem  reoccurred,  and  as 
described  above  no  sleeping  was  observed. 

Both  the  AA-size  and  double-D-size  cells  show  very  stable  voltage  during  their 
discharge  and  no  premature  voltage  drop  has  been  noticed.  Several  double-D-size  cells 
were  discharged  in  a very  quiet  environment  at  .S‘’C.  All  cells  consistently  delivered  iwer  20 
ampere  hours  (above  3 volts)  when  discharging  at  rates  between  .S  milliamperes  and  200  milli- 
amperes.  It  should  be  noted  that  the  initial  voltage  delay  (passivation)  problem  has  also  been 
reduced  since  the  introduction  of  these  redesigned  cells. 
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As  these  cells  discharge,  (heir  voltage-ampere  characteristics  change,  f igure  4-2  shows  a 
voltage-ampere  curve  for  a double-I)-si/,e  cell  at  various  states  of  discharge.  This  declining 
voltage  performance  during  cell  tlischarge  results  from  a depletion  of  the  electrolyte,  which 
results  in  a decrease  in  the  wetted  electrode  surlace  area.  In  addition,  the  available  surface  area 
m the  cathode  structure  is  reduced  due  to  the  clogging  of  the  cathode  pores  with  reaction  pro- 
ducts. Ibis  effect  may  prove  useful  when  it  becomes  necessary  to  determine  the  state  ot  div 
charge  of  a cell.  One  simply  compares  the  voltage-ampere  curve  of  the  cell  against  that  ot  a 
"calibrated”  cell  (at  the  same  rate  and  temperature). 

ORIFNTATION  SFNSITIVITY 

Ihe  cells  are  sensitive  to  attitude  during  discharge.  Hie  cell  capacity  is  reduced  by 
2.^C^  when  placed  hori/ontally  and  reduced  by  067^  when  oriented  vertically  with  the  positive 
terminal  downward,  as  shown  in  I'igure  4-3.  Maximum  capacity  results  when  the  cell  is  oriented 
vertically  upright.  As  previously  mentioned,  any  method  that  will  allow  the  electrolyte  to  wet 
the  electrode  will  prolong  the  cell  discharge  life. 

VOLTAGE  DELAY 

I'he  performance  of  the  lithium  inorganic  electrolyte  cell  is  not  adversely  alTecled  by 
high-temperature  storage.  However,  a slight  delay  in  reaching  the  operating  voltage  is  noticed. 
One  .A.A-size  cell  was  stored  for  2^  days  at  70^C  without  any  noticeable  voltage  delay.  Ihe 
cell  immediately  delivered  ^>.6  milliamperes  at  3.49  volts.  (Total  cell  capacity  above  3 volts 
was  2.1  ampere  hours,  at  and  1.7.S  mA.)  Another  AA-size  cell  was  stored  tor  "7  days 
at  70‘’('.  In  this  cell  some  voltage  delay  was  noticed,  as  shown  in  l igure  4-4.  It  took  IK 
minutes  to  reach  3 volts  while  discharging  at  a rate  of  K.s  milliamperes.  When  stored  for  1 
year  at  room  temperature  a longer  voltage  delay  was  observed  in  an  AA-size  cell.  As  shown 
in  Figure  -f-5.  the  cell  took  4 1/2  minutes  to  reach  3 volts  while  delivering  K..^  milliamperes. 

Tlie  new  double-D  cells,  stored  about  I month  at  room  temperature,  show  very  little  voltage 
delay.  They  reach  3 volts  within  20  seconds  when  discharging  at  KO  mA.  (Total  cell  capacity 
above  3 volts  is  about  20  ampere-hours  at  S'^C;  and  at  rates  from  50  to  200  milliamperes). 

Voltage  delay,  experienced  with  cells  that  have  been  stored  for  long  periods  of  time, 
is  overcome  by  shocking  the  cell  either  physically  or  thermally  (high  temperature  or  very  low 
temperature).  Hydrostatic  pressure  ('-60  meters  depth)  also  depassivates  the  cells. 

To  study  the  nature  of  the  passivatinn  film,  a badly  passivated  battery  was  opened 
and  a small  piece  of  the  lithium  anode  was  removed  and  placed  in  a Mark  I Iriga  reactor  at 
the  University  of  California,  Irvine.  The  sample  was  subjected  to  a neutron  tlux  of  1.2  x 
10* 'n/sec7cm“  for  3.5  hours.  After  allowing  lb  hours  for  the  induced  activities  to  cool. 
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tiu-  sample  was  counteil  on  a gamma  spectrometer  using  a (let Li)  detector.  An  analysis  ol  the 
spectra  indicated  the  lollowing  possible  elements: 

Cu,  Br,  Pt,  or  Ta,  Mn,  Fe,  and  Ni. 

Ihe  surtace  of  the  lithium  was  also  analyzed  by  X-ray  tluorescence  spectrometry;  the  amount 
ol  each  observed  element  was  estimated  by  standards  addition.  Table  4-2  shows  estimated 
amounts  of  the  observed  elements. 

TABLE  4-2 

ANALYSIS  OF  THE  LITHIUM  ANODE  SURFACE 
BY  X-RAY  FLUORESCENCE  ANALYSIS 


Element 

Micrograms 

(a 

54 

Fe 

77 

Zn 

13 

Ni 

3 

The  possibility  that  these  metals  are  involved  in  the  passivating  mechanism  must  be 
considered. 


REVERSE  POLARITY  HAZARD  TESTS 


Many  battery  applications  require  that  several  cells  be  connected  in  series.  In  a 
battery  of  this  type  it  is  possible  for  one  of  the  cells  to  discharge  more  completely  than  the 
other  cells.  When  this  happens  the  cell  will  experience  a reverse  polarity  and  deprive  Ihe  load 
of  its  normal  operating  voltage.  The  cell  acts  as  a parasite,  actually  absorbing  energy.  .A 
possible  hazardous  result  of  this  is  the  formation  of  dendrites  which  would  short  out  the  cell 
internally  if  these  bridge  the  gap  between  the  anode  and  cathode  structure.  At  this  point  there 
would  be  a danger  of  the  cell  overheating  and  venting  S(JCI->  and/or  cause  lithium  to  react 
with  other  materials,  such  as  free  sulfur  if  S-.C1-.  is  not  present. 


As  a test  for  this  situation,  a fully  discharged  double-D  cell  was  connected  in  series 
with  two  fresh  double-D  cells.  The  voltage  reached  -0.2  volt  at  .5  amp  after  39  minutes, 
and  after  1 1 '4  hour  the  voltage  dropped  to  -0.05  volt  at  15  amps.  This  indicated  the 
presence  of  a lithium  dendrite  bridge.  However,  no  otherheating  or  case  rupture  resulted, 
even  when  the  current  was  increased  to  3 amps. 

In  another  test  10  high-power  cells  were  connected  in  series  and  externally  short 
circuited  for  30  minutes.  The  cells  were  contained  in  an  aluminum  tube  that  was  backfilled 
with  mineral  oil  for  improved  heat  transfer.  The  cells  were  initially  passivated  due  to  being 
stored  for  over  1 year.  There  was  no  explosion,  case  rupture,  or  fire,  even  with  a current 
that  eventually  peaked  at  25  amps. 
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PRKSSlIRi;  lOMPtNSATION 

When  llie  internal  eoniponents  ol  the  litliiuin  cell  are  exposc-d  to  the  amhient  pressure 
las  in  a deep  ocean  application),  dramatic  increase  in  cell  pcriormance  results.  Several  cells  of 
the  low-rate  confipuration  (in  steel  cases  with  conventional  crimp  seals)  were  pressure  compensated 
and  exposeil  to  pressures  reachinp  .‘sOOO  psi.  lo  pressure  compens.ite  the  cell  a small  hole  was 
ilrilled  in  the  top  (throuph  the  positive  terminal).  A lluorocarbon  Iluid.  Dow  l'('-7.S,  surrouiuled 
the  lurle  to  prevent  moisture  in  the  air  from  entering  the  cell  and  reacting  with  the  electrolyte 
and  lithium.  The  cell  with  its  hath  of  F('-7.S  was  placed  upside  down  in  a glass  jar  and  sus- 
pended from  the  lid  of  the  oil-filled  pressure  tank.  Wires  were  connected  to  the  electrodes, 
soldered  to  connectors  in  the  tank  cover,  and  fastened  to  a voltmeter  and  ammeter.  Figure  4-6 
shows  this  test  set  up  and  the  results  of  tests  are  shown  in  F'igure  4-7.  I'he  first  pressure 
reached  was  2000  psi  and  curve  B of  Figure  4-7  shows  the  volt-ampere  curve  taken  at  that 
point.  Ihe  cell  was  discharged  about  I.."'  ampere  hours  and  curve  ('  shows  the  volt-ampere 
curve  at  2000  psi.  It  is  slightly  lower  because  it  represents  a greater  state  of  discharge.  Part 
of  the  difference  between  curve  A and  B can  be  attributed  to  the  beneficial  effect  pressure  has 
on  voltage  stability. 

RESERVE  ACTIVATION 

The  reasons  for  holding  the  electrolyte  in  reserve  prior  to  activation  are  to  make  long- 
tenn  storage  possible,  to  provide  for  a safer  a.s.sembly  during  handling  and,  to  eliminate  the  passi- 
vation or  voltage  delay  problem.  The  cells  configured  for  high-rate  applications  are  most  suit- 
able for  reserve  activation. 

A survey  of  the  literature  on  reserve  activation  techniques  indicated  that  most  designs 
placed  the  electrolyte  in  a frangible  reservoir  or  one  that  had  a frangible  diaphragm.  This  was 
ruptured  either  manually,  explosively  with  a primer,  by  a dissolvable  link,  by  forced  anodic 
dissolution  of  a hot  wire,  or  by  the  pressure  head  of  the  sea.  In  some  designs  care  was  taken 
to  ensure  that  the  electrolyte  thoroughly  saturated  the  cathode  structure  and  anode.  Phis 
involved  forcing  the  electrolyte  into  the  cell  structure  by  the  action  of  a compressed  gas.  In 
most  cases  the  reservoir  was  external  to  the  cell  assembly  and  a rather  large  battery  resulted. 

However,  in  one  design  the  expended  reservoir  could  be  removed. 

A reserve-activated  lithium  battery'  for  use  in  spacecraft  is  shown  in  Figure  4-8. 

The  rated  capacity  is  I(»0  ampere-hours  at  a current  of  18  amperes.  Hie  circular  section  con-  1 

tains  the  electrolyte  storage  bellows,  and  pressurized  freon  gas  is  used  to  force  the  electrolyte 

into  the  cell.  1 


1 
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COMBINED  PRESSURE-COMPFNSAl  ED/RESERVE-ACTIVATED  CELL 

Several  aiivantapes  eoukl  he  realized  hy  produeinj:  a eell  that  combines  the  two 
techniques.  In  addition  to  the  advantattes  unique  to  each  technique,  the  combination  may 
provide  a much  safer  cell.  Alter  activation  the  empty  electrolyte  chamber  becomes  a trap  lor 
any  electrolyte  that  is  ejected  out  of  the  cell,  or  boils  off.  durint:  a shorl-cireuil  coiulition. 
Ibis  would  slow  down  the  reaction.  Hie  chamber  will  also  trap  any  gases  that  may  be  pro- 
duced during  normal  cell  discharge.  The  flexible  bellows  would  compress  due  to  the  external 
ambient  pressure  acting  on  it.  providing  pressure  compensation  for  the  cell. 


SECTION  5 

APPLICATION  EXPERIENCE 


Numerous  possible  applications  of  the  lithium-inorpanie  ceils  have  been  investigated. 
These  applications  include  moored  surs’eillance  buoys,  directional  command  active  sonobuoys, 
expendable  sound  source  buoys,  deep  ocean  acoustic  navigation  transponders.  NavFac  light- 
weight array  cable  test  pr  igram.  Marine  Corjis  man-portable  battlefield  radar  sets,  laser 
designators,  mobile  sound  simulators,  geophysical  monitoring  balloons,  submarine  target 
location  balloon  transmitters,  marine  mammal  implantable  biotelemetry  packages,  arctic 
sensor  buoys,  torpedoes,  and  advanced  untethered  deep  ocean  search  systems,  l ach  of 
these  applications  could  benefit  from  the  use  of  lithium-inorganic  batteries,  but  decisions  to 
use  these  batteries  have  been  dependent  on  the  test  results  from  this  program. 

As  a result  of  test  experience  with  tlusv.  cells  and  the  resulting  design  improvements 
that  have  been  accomplished  to  date,  multicell  batteries  are  being  introduced  to  the  Fdeet  for 
certain  applications. 

At  the  present  time  cell  capabilities  and  limitations  must  be  carefvnly  compared  to 
determine  if  the  limited  cell  technology  can  be  adapted  to  a specific  application  of  interest. 
NUC  has  provided  this  type  of  assistance  to  each  of  the  activities  listed  below,  f-'ollow-up  on 
the  performance  obtained  from  lithium-thionyl  chloride  batteries  has  revealed  100^  success 
with  all  applications  described  in  the  following  discussion. 


MAKINi;  MAMMAL  REStARCH 


I'he  Niiv.il  l'iukTso;i  (Vntor  is  iisiii};  AA-si/o  iKTinctii-'ally  soiilcii  lilliiiiiii  colls 
(simiLir  to  the  hc;irt  pacoiiKikor  hjttcry)  with  miiriiic  iiKimiiKils  to  power  sensors  mul  Kl 
tr.insmitters  that  telemeter  hrain  w'aves  along  with  eye  anil  muscle  movement.  I he  reipiireil 
lite  ol  the  battery  is  1X00  hours  ol  "on”  time  anil  the  battery  consists  of  two  cells,  one 
AA-size,  delivering  a positive  3 volts  and  one  hall-sizeil  AA  cell,  delivering  a negative 
3 volts.  Lithium  inorganic  cells,  as  compared  with  previously  used  mercury  batteries,  arc- 
advantageous  for  this  application  because  ol'  their  high  available  power  and  long  lil’e  in  a com- 
pact form,  their  lighter  weight,  and  their  lack  of  a need  for  gas  venting.  The  instrumentation 
is  shown  in  Figure  5-1. 

BALLOON  INSTRUMENTATION  PACKAGE 

Lhe  Naval  Undersea  Center  is  using  25  double-D  size  hermetically  sealed  cells  for 
each  balloon-supported  radio  package.  3 wo  power  levels  are  rei|uired  from  the  batteiA  . lb 
volts  at  150  milliamperes  and  13  volts  at  XOO  milliamperes.  Lhe  total  operating  time  is  120 
hours.  Lhe  main  advantage  of  lithium  batteries  for  this  application  is  their  high  energy  and 
light  weiglit,  since  the  battery  weight  is  not  to  exceed  10  pounds.  This  could  not  be 
accomplished  by  any  other  type  of  battery.  I wenty  instrumentation  packages  will  be  built, 
lhe  balloon  to  be  instrumented  is  shown  in  Figure  5-2.  Figure  5-3  shows  the  battery  case 
anil  cells. 

LA.SER  DESIGNATOR  POWER  SOURCE 

The  Naval  Weapons  Center,  China  Lake,  ('alifornia,  and  NUC  have  used  high-rate  cells 
to  energize  a laser  in  a target  desingation  system,  as  shown  in  Figure  5-4.  The  rei|uirement  for 
the  tests  was  to  deliver  b to  10  amperes  in  a pulsed  mode  (I  minute  on  and  I minute  off)  at 
a voltage  greater  than  20  volts.  A test  was  made  to  compare  the  number  of  pulses  available 
liom  a series  circuit  of  ten  high-power  lithium  inorganic  cells  against  the  standard  NiCd  battery 
pack.  I'he  lithium  battery  pack  delivered  50  satisfactory  cycles,  whereas  the  NiCd  pack  delivered 
10  cycles.  Additional  development  is  planned  tor  F'Y  7(i  to  optimize  high-rate  cell  design  for 
this  application. 

DEEP  OCEAN  TRANSPONDERS 

Several  transponders  (shown  in  Figure  5-5)  developed  by  Sonateeh,  Ine.,  Goleta,  Cali- 
tornia,  will  be  installed  in  the  ocean  with  lithium  inorganic  electrolyte  batteries.  The  battery 
pack  has  two  requirements,  a low-level  receiver  and  a high-level  transmitter.  I'he  low-level  receiver 
requires  S volts  and  a continuoiis  I milliampere  loi  a period  between  b months  and  5 years.  lhe 
high-level  200-watt  transmitter  produces  I O-millisecond  pulses  at  24  volts  tor  2-million  pulses  over 
a 5-year  period.  The  battery  pack  consists  of  40  D-size  cells,  however,  the  double-l)-size  cell  is 
being  evaluated  for  this  application. 
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l ijsurc  5-5.  Deep  Ocean  Iransponder  Using  40  D-Si/e  Cells. 
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(IIOPHYSICAL  MONITORING  BALLOON 


A lij’htwi'ij’hl.  c\poiuliihlc  coiiim;iiui  loceivcr  hjs  hocii  ilcv eloped  ;it  IK  SI)  tor  ONK 
lor  Iermm.itin>!  seienlilie  h.dloon  tlifilils  (|■i>>ure  5-6).  I'he  receiver  operates  at 

l.'X.54  MU/  and  the  commaiul  is  acliialeii  Iry  a sliiliiif;  tone  from  300  11/  to  400  II/.  ,A  phase 
lockeil  loop  detector  circuit  operates  an  SCR  lirinj:  circuit  to  actuate  a >:uillotitie-type  e.xplosive 
cutter.  I \perience  with  the  coitimarnl  receiver  has  shown  that  most  hifih  enerjjy  ilensity 
batteries  Iree/e-up  at  hijih  altitiules  and  provide  insulTicient  current  to  lire  the  sipiib.  It  is 
believed  that  the  lithium  inorganic  electrolyte  battery  will  be  less  likely  to  tree/.e  at  the  high 
altitudes  anticipateil  in  most  balloon  tlights  (Iree/ing  point  for  thionyl  chloride  is  -104..S‘'(  ). 
lest  nights  were  planned  in  I'N’  7p  to  determine  the  command  receivers  perlormance  with  a 
15-volt  lithium  inorganic  electrolyte  battery.  Iliese  llights  have  not  been  coiulucted  yet; 
however,  laboratory  tests  have  been  conducted  that  verily  the  suitability  of  the  lithium  batteries 
tor  this  apiplication. 

NAVFAC  LIGHTWLIGHT  CABLE  EXPERIMENT 

I he  Nl'C  Hawaii  Laboratory  is  constructing  an  underwater  cable  system  experiment. 

1 ive  battery  packs  are  needed  tor  a central  electronics  bottle,  two  sound  velocimeters.and  two 
current  meters.  Ihe  system  will  be  deployed  Tor  a year  in  the  deep  ocean  with  an  ambient 
temperature  near  ()'\'.  The  system,  except  tor  the  acoustic  receiver,  will  be  oft  until  it  is 
interrogated  b>  an  acoustic  command.  The  acoustic  receiver  will  be  energized  tor  the  entire 
I -year  system  life.  The  system  will  be  interrogated  every  hour  tor  a year  and  will  be  on 
tor  3 minutes  for  each  interrogation. 

Since  power  source  space,  weight, and  reliability  are  critical  in  this  application  50  si/e 
1)1)  and  25  size  AA  lithium  inorganic  electrolyte  cells  will  be  used. 

I'he  batteries  are  to  be  in  a sealed  container  for  a year  with  the  elecironic  circuitrs 
they  are  powering.  Therefore,  they  should  not  leak  any  gasses  or  licpiids  that  will  cause 
corrosion  or  short  circuiting  of  the  electronics.  For  this  reason  only  hermetically  sealed  cells 
will  be  used. 


ARTK  DMA  lU  OYS 


Polar  Research  I alniralory.  Iiic..  (I’KI  ).  Santa  Uaihara,  ( alilornia,  is  ilevelopinj:.  iituler 
NOAA  contract,  an  air  ilroppahle  t.ADRAMSl  data  hiioy  lor  use  with  the  NIMBUS  I satellite. 

Ihis  is  similar  to  the  M.MBUS  I-  data  buoy  work  perlbrined  lor  ONK,  PKI.  is  also  developing  a 
dillerent  type  oT  aretic  data  buoy  lor  the  Sensor  Technology  I’rogram  tONR)  that  could  well 
ulili/e  lithium  inorganic  batteries. 

I he  first  application  at  PRL  will  be  the  ADRAMS  tshown  in  l-igure  5-7)  because  the 
inorganic  lithium  battery  appears  to  solve  several  of  the  problems  that  have  been  experienced 
with  other  pow’er  sources.  The  requirement  is  175  amp-hours  at  12  volts  with  peak  loads  of 
250  ma  for  1 second  each  minute.  Hermetically  sealed  DD-size  cells  are  being  used  for 
this  application. 

The  experience  gained  from  this  initial  arctic  application  w'ill  provide  engineering 
data  for  the  other  similar  applications  tliat  need  an  advanced  power  source.  Laboratory  tests 
conducted  by  PRL  have  shown  an  ability  to  pulse  discharge  double  D-si/,e  cells  for  1 second 
per  minute.  The  following  data  has  been  obtained  at  66  ma: 


Temp  (”(’) 


■Sui  rtj^ng  Vol  t age 


Voltage  at  tnd 
of  1 Sec 


-40 

-62 

-68 


3.6  volts 
3.6  volts 
3.53  volts 


not  measured 
3.2 
3.0 


The  same  cell  has  provided  20  AM  above  the  cutoff  voltage  of  3.0  volts  at  a discharge  rate  of 
'^>2X  ma  and  at  -I3.7‘^('. 


StISMIC  SENSORS 

Fite  U.S.  (ieological  Survey  will  be  installing  several  sensitrs  in  the  Santa  Barbara 
( liannel  this  year  to  monitor  seismic  activity  around  the  Dosriuadros  Oil  I ield.  F hese  sensors 
requires  a 5-year,  reliable  power  source  with  a highly  regulated  output  tl'O  since  they  will 
be  supplying  power  to  voltage  controlled  oscillator  (VCO)  circuits. 

FFermetically  sealed  l)l)-size  cells  will  be  used  for  this  application. 

All  of  these  applications  are  now  using  lithium-inorganic  electrolyte  cells,  but  with 
technology  improvements  accomplished  during  F'Y  75.  Fliese  accomplishments  include  hermetic 
sc-als.  larger  cell  sizes,  depassivation  techniques,  shock  and  vibration  limit  information,  disposal 
methods,  causes  of  explosions,  and  methods  of  eliminating  explosions. 


I 

I 

I 
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In  sumnuiry  llu‘  cliomistry  of  tlu-  litliiinn-im>r>!;iiiic  cell  works  ;itul  protliiccs  ;i 
l'';iltcr\  with  outstaiulinf:  perlormanco.  Hktc  is  a tlcl'inilo  nocii  lor  this  coll  in  both  hifili-rato 
applnalions  (i.c..  vehiili.’  pri>pulsion  systi-nts)  ami  long-lcrm.  low-rato  applications  as  in  sur- 
veillance syslem  power  sources. 

I'liere  are  many  aiklilional  applicalions  that  reipiire  an  ailvanceil  power  source  llial 
coulil  he  satislied  In  lithium-inortianic  cells  it  ilevelopmeni  lor  these  applications  was  carried 
out.  A partial  list  of  known  applications  is  given  m Table  .‘'-I. 

AFPLIC  ATIONS  C URRENTLY  BEINC,  PURSLIEI) 

Several  applications  are  being  pursueil  at  this  lime.  These  applications  retpiire  large- 
si/e  cells  or  very  high  rate  cells  that  require  ailditional  tievelopment. 

High-Rate  Tor|iedo  Baltcrv' 

Ihe  Navy  has  specific  rec|uirements  for  high-energy-tiensily . high-rate.  vife.  reliable, 
ami  low-cost  power  sources  for  underwater  weapon  propulsion  applications. 

In  aiidilion  to  the  development  projects  discussed  in  Ihe  preceding  sections,  the 
Naval  Umlersea  Center  has  been  particularK  active  in  the  development  of  high-rale  lithium 
propulsion  batteries  for  torpedoes. 

The  development  of  higli-rate  lithium  propulsion  batteries  is  based  on  many  design 
considerations.  Ihesc'  include  the  physical  configuration  of  the  cells,  the  size  aiul  number  of 
cells  m the  batters,  the  use  ol  reserve-type  cells  as  compared  with  active  cells,  the  design 
electrode  current  den-ity.  the  cell  operating  efficiency,  and  methoils  of  rejecting  waste  heat 
and  controlling  cell  temperature  rise  (see  Appendix  B). 

A conceptual  design  of  a reserve-type  high-rate  lithium/SO  CT-)  propulsion  battery 
has  been  completed.  It  has  been  determined  that  this  type  of  battery  is  feasible  and  wcnild 
be  very  competitive  m size  and  weight  with  other  propulsion  systems  being  developed.  Other 
significant  advantages  include  low  noise,  low  cost,  versatility  in  power  level  and  run  time,  and 
viesign  simplicity. 

Ihe  lithium  torpedo  battery  module  developed  at  NUC  contains  20  sets  of  bi-polar 
electrodes  that  provide  51  amperes  at  50  volts.  E’ach  module  is  12.25  inches  in  diameter  and 
IS  0.725  inch  thick.  Ihe  50-volt  movlules  are  grouped  in  parallel  (7  modules  per  group)  to  proviile 
400  amperes  at  50  volts,  or  by  connecting  in  series  with  other  paralleled  groups  (total  of  0) 
would  proviile  .500  volts  at  400  amperes,  l igure  5-«  shows  a model  of  one  of  these  modules. 

Ihe  battery  would  be  26-.50  inches  in  length,  depending  on  Ihe  achievable  practical  electrode 
ilensity.  Ibis  determination  is  presently  under  study.  A report  providing  details  on  this 
torpedo  propulsion  battery  has  been  prepared  (Reference  6). 


TABLE  5-1.  TYPICAL  CELL  APPLICATIONS 


LOW  RATE 


MOORED  SURVEILLANCE  BUOYS 
ACOUSTIC  TRANSPONDERS* 

ARRAY  & CABLE  SYSTEMS* 

MARINE  MAMMAL  BIOTELEMETRY* 
MINES 

SUBMERSIBLE  TENDED  ARRAY  SYS^ 
ARCTIC  BUOYS* 

SEA  FLOOR  SEISMIC  SENSORS* 
GEOPHYSICAL  BALLOONS* 
NAVIGATION  BALLOONS 


HIGH  RATE 


SONOBUOYS 

EXPENDABLE  SOUND  SOURCES 
ACOUSTIC  DECEPTION  DEVICES 
MARINE  CORP  FIELD  RADARS 
LASER  DESIGNATORS* 
TORPEDOES** 

MARINE  CORP  RADIOS 
UNDERSEA  SEARCH  SYSTEMS 
MANNED  SUBMERSIBLES** 


* THESE  APPLICATIONS  ARE  NOW  USING  LI-SOCI2  CELLS 
**THESE  APPLICATIONS  ARE  ACTIVELY  BEING  PURSUED 
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I ijiiiR"  5-H.  forpcild  B.ittorv  Modulo 


Itu-  most  important  lonsak-ratioM  lor  tins  .ipiilication  o(  a litiiiutn  tliionyl  chloride 
l\ittcr\  lor  lorpcdo  prrriniKion  has  been  salcly. 

Almost  all  batteries  have  salety  problems  iiniriue  to  their  chemistry.  In  general  the 
more  energetic  the  baiters  chemistry,  the  greater  the  hazard,  riiionyl  chloride  chemistry  is  no 
exception  to  this  rule.  It  is  clear  that  both  lithium  and  thionyl  chloride  are  highly  reactive 
substances.  I i.s  battery  contains  design  features  that  minimize  the  potential  hazards. 

Ihe  ilesign  features  take  into  consideration  that  during  military  applications  there  is 
a chance  ol  bullet  penetration.  I’revious  experience  with  non-reserve-electrolyte  cells  indicate 
that  if  Ihe  bullet  is  of  small  caliber  and  fails  to  penetrate  the  battery  completely  and  is 
captured  inside  the  battery,  a fire  is  the  result.  If  a bullet  of  small  caliber  completely  passes 
through  tlie  battery,  then  there  is  no  fire  and  the  only  result  is  the  leaking  of  the  tliionyl 
chloride  from  the  batter> . .Such  a release  of  electrolyte  will  constitute  a problem  in  poorly 
ventilated  areas  because  thionyl  chloride  reacts  with  water  to  form  sulfur  dioxide  and  hydrogen 
chloride  gas. 

riie.se  batteries  are  free  from  .shorting  hazards  because  of  their  reserve  electrolyte 
configuration.  I’ersonnel  handling  a device  powered  by  these  cells  are  in  no  danger  of 
electrocution  or  fire  resulting  from  a short  since  the  batteries  have  no  available  power  prior 
to  activation  by  the  pressure  of  the  water 

There  will  be  few  hazards  encountered  during  storage  and  transportation.  Accidents 
such  as  nail  penetration,  crushing,  exposure  to  explosion,  or  fire  will  only  result  in  electrolyte- 
release  and  the  associated  gas  foriration.  Under  some  of  these  conditions  a limited  activation 
of  the  cell  can  result  from  electrolyte  leaking  into  the  battery  compartment,  making  electrical 
energy  available.  It  must  be  understood  that  the  application  of  water  post  case  rupture  will 
result  in  the  formation  of  hydrogen  gas. 

Disposal  of  used  batteries  after  a test  run  of  a device  using  these  batteries  as  a 
power  source  has  been  made  safe  by  including  sulfur  monochloride  in  the  electrolyte.  Once 
these  batteries  are  discharged,  there  is  a significant  amount  of  lithium  unreacted,  and  the  large- 
amounts  of  sulfur  formed  during  discharge  are  now  available  to  form  an  explosion.  The 
inclusion  of  sulfur  monochloride  solubilizes  the  sulfur  and  precludes  a reaction  with  lithium, 
thus  making  the  battery  safe.  Inadvertent  case  rupture  during  handling  and  transportation  must 
still  be  guarded  against. 

Submersible  1 ended  Array  System  (STARS) 

Ihe  Naval  Undersea  Center,  .San  Diego,  California,  has  completed  a conceptual  design 
of  a towed  undersea  surveillance  array  system  that  employs  a remotely  controlled  submerged 
vehicle.  The  Submersible  Tended  Array  System  (STARS)  is  designed  to  provide  a rapidly 
deployed  underwater  surveillance  asset  capable  of  being  monitored  for  long  periods  of  time. 
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SI  AKS  is  intoiuli'cl  for  iiso  in  remote  ocean  basins  not  presently  monitoreil  by  existing  t'ixeil 
systems,  ami  to  provide  a “backup”  or  “area  enliancement"  capability  for  occ’an  basins  presently 
under  surveillance.  STARS  can  be  deployetl  from  surface  ships  and  coubi  also  be  deployed  by 
hiph-performance  surface  units,  submarines,  or  tactical  aircraft  in  support  of  local  Anti-Submarine 
Warfare  i.ASWl  or  Special  Warfare  (SW)  operations. 

I'he  SI'.AKS  vehicle  is  powered  by  litbium  inorganic  electrolyte  batteries,  ilriving  a 
lb  ineb  ducted  propeller  by  means  of  a 2- horsepower  AC  induction  motor. 

1 ithium  inorganic  electrolyte  batteries  were  selected  for  this  application  because  of 
their  ability  to  provide  .S  to  b times  the  energy  per  unit  size  and  weight  of  silver  battery 
systems.  Ihese  cells  can  be  configured  to  provide  .‘iCO  OOO  WIl'Kg  when  large  low-rate 

cells  are  required  for  systems  such  as  ST.ARS.  This  is  by  far  superior  performance  relative  to 
other  battery  and  most  engine  systems  presently  used  for  underwater  propulsion. 

l igure  .'i-d  illustrates  the  general  arrangement  of  the  STAK.S  vehicle,  while  F igure  .“s-IO 
depicts  the  battery  characteristics. 

Deep  Submergence  Rescue  Vehicle  (DSRV) 

F'he  Navy’s  deep  submergence  vehicles  and  swimmer  support  vehicles  in  fulfilling 
their  m.'ssions  are  highly  dependent  upon  the  performance  characteristics  of  their  power  source. 
Due  to  space  and  weight  limitations,  silver-zinc  battery  systems  have  commonly  been  used, 
fhese  batteries  have  often  failed  to  provide  the  safe,  reliable  power  that  is  required  to  permit 
these  assets  to  effectively  carry  out  'ssigned  missions,  and  have  been  more  expensive  than  was 
necessary.  I'he  Deep  Submergence  Rescue  Vehicle  (DSR\')  is  shown  in  F-igure  5-11. 

During  this  study  the  DSRV  power  requirements  (present  and  future)  were 
reviewed.  Specifications  for  advanced  lead  acid  and  lithium  batteries  were  prepared.  Preliminary 
designs  were  prepared  for  the  battery  installations.  The  advantages  and  disadvantages  of  these 
power  source  candidates  were  compared  with  the  existing  silver-zinc  batteries.  Acquisition 
and  operating  costs  were  estimated.  Problem  areas  were  identified  and  development 
requirements,  plans  and  schedules,  and  cost  estimates  were  prepared. 

Discussions  with  DSRV  personnel  have  indicated  a minimum  requirement  of  .)00  All 
per  120-volt  battery  at  a 5-hour  rate  is  required  for  training  missions.  A 9- trip  rescue  mission 
would  require  a minimum  of  3250  AM  per  120  volt  battery,  with  each  trip  averaging  6 hours. 

For  short  missions  and  operator  training,  bO  advanced  lead  acid  cells  could  be 
designed  to  fit  within  each  of  the  existing  silver-zinc  battery  boxes  to  provide  300  All  at  the 
5- hour  rate.  The  cost  of  these  cells  is  less  than  SI 00  per  cell  and  it  should  be  possible  to 
provide  a 120- volt  battery  box  capable  of  at  least  100  cliarge  cycles  for  SI 0,000. 

F'or  actual  rescue  missions  an  advanced  lithium  organic  or  inorganic  electrolyte  battery 
could  be  developed  to  fit  within  the  existing  battery  space  that  would  provide  3250-4000  AM. 
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F’igiire  5-‘J.  Siibinersibk-  Teiuli.‘il  Arras  System  (SIARS>  I\)\s  \ehicle. 
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iglire  5-11.  Deep  SuhiiUTueiKO  Koncuo  V cIikIo  (l).SK\  i 


ritiN  WDuki  allow  a ‘>-lnp  rescue  mission  to  be  earned  riul  without  interruption  for  recharninn 
batteries,  hither  of  these  technologies  could  be  developed  to  provide  s;ife.  reliable, economical 
batteries  within  a 2-year  period.  It  is  estimated  that  each  I 2()-V  battery  box  woukl  cost 
S25k  - '>4()k  or  a total  of  S.SOk  - SSOk  for  a complete  rescue  mission. 

.\  comparison  of  battery  candidates  for  DSKV  is  shown  in  h'iiture  .S-12. 

CONCLUSIONS 

I'he  follow inj:  major  conclusions  have  been  ilerived  from  this  proitram 

• 1.1  SCX'l-i  batteries  can  now  be  useil  lor  selecteil  low-rate  applications. 

• Hieh-reliability.  low-rate  cells  should  be  applied  within  12  months  of 
manufacture.  Ihey  should  incorporate  purified  electrolytes,  stainless- 
steel  enclosures,  and  hennetic  seals  and  operate  at  electrode  current 
densities  below  I MA/cm“. 

• Maximum  cell  capacity  is  obtained  when  the  electrolyte  is  allowed  to 
wet  the  full  electrodes,  i.e.,  oriented  vertically  uprij’ht. 

• l ithium  cells  become  unsafe  wh.  i heated  above  75°C'  or  when  punctured, 

• l uture  high-rate  batteries  for  propulsion  should  be  reserve-type  cells 
activated  underwater,  with  tlie  cell  in  imminent  contact  with  the 
surrounding  water  for  adequate  cooling. 

\ future  development  program  should  fully  explore  the  major  problem  areas  that 
currently  bar  general  Fleet  use  of  the  lithium  inorganic  cells.  I he  goal  of  this  program  should 
be  to  solve  these  major  problems  and  assist  in  the  initial  application  of  engineering  work  needed 
for  projecting  the  technology  toward  wide-scale  use  in  the  Navy. 

Ihe  major  areas  that  should  be  aiklressed  under  a eontinuing  development  program 

are: 

1.  Pressure  equalization  of  cells 

2.  Reserve  cell  development 

.V  Hazards  caused  by  external  or  internal  short  circuits,  changing  currents,  seal 
failure,  or  rapid  case  rupture 

4.  Packaging  of  cells  to  provide  safe,  reliable  batteries 

.S.  Cooling  of  high-discharge-rate  batteries 

6.  .System  optimization  for  propulsion  batteries  and  motors 


5-20 


7.  Ilinli-powiT-ilensity  cells,  configured  speciricully  lor  high  rales  of  discharge 

S.  l,arge-si/,e  cells  with  capacities  ot  I ()()()  to  20.000  ampere-hours  lor  discharge 
rates  of  between  I day  and  I year. 
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ABSTRAtT 

I he  reriinreinenls  lor  rapid  advaneenient  in  the  development  ol  marine  propulsion  batteries  are 
mmierrnis  These  inelude  a variety  of  manned  and  unmanned  vehiele  systems  that  operate  on  or 
below  the  surlaee  to  depths  ol  (lOOO  meters  I liis  paper  provides  a historieal  overview,  a summary 
ot  slate^)l-lhe•arl  developments,  and  present  research  and  lievelopmenl  requirements  for  marine 
batteries  T'ulure  trends  and  potential  applieations  including  vehicles  with  drag  reduction  are 
discussed 


INTRODUCTION 

I he  navies  ol  the  world,  oeeam  graphic  organi/ations,  and  ocean-interested  industries  continu- 
ously seek  improved  energy  sources  for  the:vehieles  and  equipment  that  they  employ  ( reference  1 ). 
Their  goal  is  to  obtain  advances  m speed,  range,  depth,  silence,  and  other  attributes  needed  for 
better  job  performance.  Deep  diving  submarines,  swimmer  support  vehicles,  electric  torpedoes, 
countermeasure  vehicles,  and  unlelhered  work  systems  are  presenting  major  challenges  to  designers. 
A particular  challenge  is  in  the  area  of  power  plant  development,  where  the  goal  is  nearly  always 
higher  energy  and  power  density  and  often  quieter  and  more  reliable  performance  under  adverse 
envir  jnmental  conditions 

A listing  of  the  selection  criteria  for  major  power  sources  is  in  table  I It  is  necessary  to  consider 
all  these  criteria  when  evaluating  sources  for  underwater  projects. 
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Ijhlo  I ( riliTUl  lor  sclcitinj!  i-atulid.itt.’  |H)wcr  sourtc\ 
Paraimivr  Data  f ormal 


.‘\vailabilil\ 

Development  status 

f nergy  per  weight 

Wall-hours/kilogram 

I'.nergv  |ier  volume 

Watt-hours/cubic  centimeter 

f nergy  per  cost 

Wall-hours/dollar 

Power  range 

Watts 

f-.ndurance  range 

Hours 

Rechargeabihty 

f lectrical,  mechanical,  none 

f.ow -temperature  fx-rformance 

'7i  capacity  at  0 C 

t-.  xpendability 

Lxpendable,  recovery  desired  or 
essential 

Critical  materials  used 

Silver,  platinum,  etc. 

Depth  sensitivity 

Surface,  submerged  pressure 
equalized  or  hull 

Shelf  hie 

Years 

Restart  capability 

Instantaneous,  delayed,  none 

f-.missions 

Oases,  heal,  noise,  etc. 

Operability 

Simple,  specialized  training, 
highly  specialized 

Kel/ahil/fy 

Failure  rate 

Maintenance 

None,  periodic,  after  failure 

Deployment 

Drop,  lower,  position,  etc. 

Power  conditioning 

Input  voltage,  regulation,  etc. 

Start-up  lime 

Predeployment,  postdeploy  men  I 

Hazard  and  safety 

Explosives,  toxic  materials,  etc. 

Some  programs  which  have  contributed  to  the  knowledge  of  ocean  vehicle  technology  are  the 
developments  of  the  Trieste,  Dolphin  ACiSS  (555),  Alvin  and  similar  vehicl.  j,  Moray  Deep  Jeep, 

Deep  Submergence  Rescue  Vessel,  Remote  Underwater  Work  System,  and  NR-I  (a  nuclear-powered 
deep-submergence  research  and  ocean  engineering  vehicle).  Lead-acid  or  silver-/inc  batteries  power 
most  of  these  vehicles  when  submerged,  ffowever,  as  the  need  arises  tor  more  auxiliary  power  and 
operating  limes  greater  than  a few  hours,  more  compact  power  sources  are  required. 

In  past  years,  the  Navy  has  investigated  several  alternatives  to  the  battery  as  a source  of  sub- 
merged power  to  replace  the  conventional  diesel-electric  submarine  plant  (figure  I ).  Projects  DPX'CA 
(serniclosed-cycle  diesel  engine),  Alton  (Waiter-cycle  turbine  plant).  Wolverine  (semiclosed-cycle  gas 
turbine),  and  Lllis  (ambient  pressure  combustor  and  steam  boiler  plant)  all  achieved  some  measure 
of  succevs  before  they  were  terminated  in  favor  of  the  nuclear  plant.  However,  none  was  installed 
on  board  ship.  A good  review  of  these  projects  was  published  m reference  2. 
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or  nutcrial  in  which  energy  is  stored.  Weight  toi  siructiiie.  tankage,  or  conveisu'ii  ssstem  is  not 
included,  battery  systems  are  complete  as  shown. 


SiiKi-  Ihis  work  w.is  iloiic.  till-  si. Ik'  ol  U-i hnoli)|;!.  h.is  .kIv.iiki'iI  im  scvcriil  .irons  lo  llio  point 
wIkto  ik'vs  pl.iMis  show  pioinisc  ol  iH'lUr  sluir.iikTislics  I ho  lilhiimi  h.illory  is  .1  primo  oxninplo 
I hotniixIsn.imkalK  . llio  m.ixinuiin  onor>;\  ohiain.ihio  Iroin  .1  galvaiik  ooll  is  lixod  by  Iho  oi|iiivalonl 
woiphls  ol  Iho  two  olooliodo  ni.itonals  iiivokod  ,iiul  iho  rovorsihio  voltafio  ol  Iho  ooll  I ho  lallor 
do[X'iHls  upon  Iho  rolalivo  positions  ol  Iho  two  ni.ilori.ds  in  Iho  olootroinolivo  sonos.  As  shown  in 
lijinro  2.  high  onorgs  oolls  would  havo  lilhuiin  aiuulos 

Id  rodiioo  Iho  oonsir.iinis  imposod  on  marino  systonis.  now  powor  soiiroos  aro  noodod  that  aro 
nonnuoloar.  do  not  iiso  oxponsivo  and  orilio.il  inalorials  such  as  siUor  and  pl.ilnuim.  and  aro  loss 
oxpoiiMvo  and  inoro  niohilo  than  oahlo-poworod  sysloms  ll  is  Iho  pnrposo  ol  this  papor  to  oxploro 
availablo  and  luliiio  powor  soiiroos  that  moot  Ihoso  orilori.i  as  woll  as  ki  prosont  a hislorio.il  ovorviow 
ol  Iho  dovolopinonl  ol  jxiwor  soiiroos. 

IIISTORK  A1  OVl  RVII  H 

Arohoologists  havo  lound  batlorios  mado  by  Iho  I’arlhiaiis  who  dominalod  Iho  Baghdad  rogion 
K'lwoon  250  B ('  anil  224  A D Tho  oop|X'r-iron  ooinbinalion  in  Ihoso  aiioionl  battoiios  is  iho  s,imo 
as  that  whioh  I iiigi  (iaivani  iisod  In  I 7S().  whon  ho  "dlsoovorod  " tho  galvanio  ooll 

I ho  bailors  ohronology  in  lablo  2 shows  that  many  sjgmrioanl  dovolopmonis  aro  moro  Ilian  a 
ovntury  old.  and  dovolopmonis  aro  now  oooiirring  al  a rapid  rato.  1 ithiinn  anodo  b.ittory  dovolop- 
monfs  that  aro  oapablo  ol  vory  high  onorgy  donsily  dominato  the  moro  roooni  litoraliiro 

riio  battery  was  the  first  praotioal  soiiroe  of  elootrioal  energy  dovelofK’d  for  portable  power  and 
IS  still  tho  most  widely  used  soiiroe  where  portability  is  Iho  primo  roqiiisito.  Military  and  spaoo 
programs  demand  power  soiiroos  whioh  aro  oompaot.  dimensionally  adaptable,  oapablo  of  operation 
over  a wide  lomporatiire  range,  and  highly  dependable  after  long  storage  periods,  fhoso  roi|iiiromenls 
aro  only  marginally  satisfied  with  existing  batteries,  and  for  this  reason  several  dovolopinonl  programs 
aro  now  underway. 

I ho  workhorses  aro  still  the  oarhon-/ino  dry  oolls  and  tlie  reohargeable  lead-sulfurio  aoid  oolls. 

[hose  aro  followed  by  tho  alkaline  and  ineroury  dry  oolls  and  the  niokol-oadmiiim  reohargeable 
batteries. 

In  tho  past  i years,  a tromondous  interest  in  lithium  anode  batteries  has  boon  shown  as  moro 
oompanios  havo  booonio  involved  in  their  development  Their  benefits  have  boon  realized  in  praotioal 
haidwaro  and  some  of  the  previous  olaims  for  this  new  energy  soiiroe  have  been  realized  Benefits 
include  high  onorgy  density,  superior  told  ternporaturo  porformanoo,  long  aotivo  shelf  life,  and  im- 
proved oost  effeotiveness  for  the  total  system. 

Table  2 Battery  Chronology. 


IHOO 

Volta 

Unlike  metals  and  elootrolyto  in  oontaot 
“voltaic  piles,"  first  power  soiiroe 

l«00 

Nioholson  and  Carlisle 

lilectrolysis  of  water  into  hydrogen  and  oxygen 

l«07 

Humphry  Davy 

Electrolysis  of  oaicstic-sodiiim.  potassium,  eto., 
using  voltaio  "batteries” 

1827 

(ieorg  .Simon  Ohm 

Ohm’s  Law 

1 830 

Miohael  I'araday 

I'.leotroohomical  laws 

1830 

Daniell 

Cu|CuSO,;j|ZnSO,4lZn  chemical  battery 

1830 

I'.lkington 

I'.leotroplating  of  silver 

1840 

Bottgor 

I'lectrodeposition  of  iron 

I84‘< 

Russell  and  Woolrioh 

Cadmium  plating 

1 800 

Plante' 

Lead  storage  cell  or  battery 

1 800 

Lcclanohe' 

Zn)NH,^CI|C  battery 

1872 

Clark 

Zinc-mercury  standard  cell 
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1 ,S,S  1 

1 .lijnde  and  ( lij|H'ron 

ish: 

(il.idstone  and  1 ribe 

IHS(. 

( iassner 

IH'»: 

Weston 

IK<»4 

W alker.  W ilkins.  1 ones 

IKbU 

J linger 

l'»()l 

1 A 1 dison 

1 b 1 0 

t A f dison 

l'»l() 

OK) 

|U.t>) 

.Andre' 

l‘»4l 

1 ‘)4.t 

Adams 

l‘»45 

Ruben 

Id45 

Otto 

Ib.SS 

Ruben 

l‘)(,5 

Booth 

/iiH-coppi'r  oxuli.'  (.I'll 
Ddiihic  siillati'  Ihcdry 
Dry"  (.ell 

('.iiliniuin-ni(.'rciiry  slamlar(J  (.(.-ll 

All  di.'polari/1'il  (.oil 

Ni(.kol  aiul  silver  alkaline  batteries 

Niekel  stor.i):e  batteiy 

( oininereial  niekel-iron  alkaline  cell 

I laslilijiht  eell  I)  si/e 

I elephone  dry  eell 

Silver  /iiK  batl'-ry 

Hatteries  lor  roekets  and  missiles 

( iiprous  e blonde  battery 

Mereiiry  eell 

I hernial  coll 

Alkaline  eell  eoinmereial  development 
Mamleiianee  tree  lead-aeid  battery 


STA  I I.  Ob  THI  AR  I 


I he  most  elTieienl  known  method  for  eonverlinp  one  form  ol  energy  into  usable  eleelrieal  energy 
IS  the  eleetroehemieal  proeess  Batteries,  of  whieh  many  dilfereni  types  have  been  eommereially 
produeed,  are  examples  ol  deviees  that  direelly  eonvert  stored  cherii/eal  energy  into  eleelrieal  energy 
I hey  are  generally  elassifjed  into  two  groups  primary  and  seeondary.  The  distinetion  is  based  on  the 
nature  of  the  ehenueal  reaetion.  Primary  batteries  are  disearded  when  suffieieni  eleelrieal  energy  ean 
no  longer  be  obtained,  e g..  I eClanehe’  flashlight  batteries.  Seeondary  batteries  eonvert  ehemieal 
energy  by  reaelions  that  are  essentially  reversible,  by  passing  the  eurrent  in  a reverse  direetion  to  that 
during  diseharge.  the  ehemieals  are  restored  to  their  original  slate,  e g.,  lead-aeid  seerindary  battery. 

I able  A is  a summary  eomparison  of  various  types  of  primary  and  seeondary  battery  systems. 

I hese  data  represent  optimum  performanee  for  eaeh  battery  type',  and  the  limitations  expressed  m 
the  table  are  the  most  erilieal,  I'here  are  many  applieation  eondilions  where  the  eombined  effeel  of 
shell  life,  sell  diseharge.  low  temperature,  ete,  eould  degrade  the  estimated  performanee  eharaeleiis- 
lies  by  25  pereeni  or  more,  b.aeh  eandidate  is  diseussed  in  the  following  seetions. 

LeClanehe' 

The  i ef  'lanehe'  dry  eell  is  the  most  popular  type  ol  primary  eell:  it  is  ideal  for  simple  appliea- 
lions  where  an  inexpensive  and  noneTitieal  souree  of  eleelrieily  is  all  that  is  needed.  It  is  not  nor- 
mally eonsidered  a propulsion  battery,  but  advaneed  versions  eould  be  eonstrueted  for  that  purpose. 

I he  hasie  /ine-earbon  eell  has  a carbon  cathode,  an  electrolyte  ( a paste  of  an  ammonium  chloride 
solution  with  moisture-retainmg  agents  added),  and  a depolarizer  I a mixture  of  manganese  dioxide 
and  carbon)  held  between  the  eVetrolyte  and  the  cathode  (in  primary  battery  technology,  the 
(Kisitive  terminal)  [he  /me  aruKle.  whieh  is  also  the  outer  easing  of  the  eell.  is  the  negative  terminal. 
Since  the  /me  case  Is  a chemical  eonstituent  of  the  leClanehe'  system,  it  is  eonsumed  during  the 
proeess  ot  discharge,  this  deterioration  may  lead  to  leakage  and.  consequently,  to  corrosion  of  the 
e(|uipment  in  which  the  cell  is  housed  lo  mitigate  this  weakness,  leak-resistant  LeClanehe’  cells  are 
also  produced  I hese  have  an  additional  tube  that  is  wrapped  around  the  anode  easing  and  is  fixed 
to  a steel  plate  at  the  bottom  and  a plastic  cover  at  the  top 
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TABLE  3.  COMPARISON  OF  STATE  OF  THE  ART  BATTERY  SYSTEM  CHARACTERISTICS 


Includes 

piim*fy  type  t)«tTe»y 
Mcood^ry  type  battety 


Ili(:li  iH-rtoriiuiiKi.'  /iik-i..iiIh)m  h-IK  .irc  rcl.UivcK  ir-w  .iiuI  jiivi.'  ;iii  iinproviRl  piTlorinarRC  over 
iIr-  hasi>.  lypi’.  this  iniprovi'incnl  is  iKtimiI  bolli  lioin  loiislrui-tioiial  iiRulilicalions  aiul  clianpi-s 
in  ttu-  niaU-naK  uscil  I Ir-m-  ii-IK  liavi-  iIr'  /hr-  can.  separator,  electrolyte,  ilepolan/int:  mix.  and 
carbon  catlRule  ol  the  coineiitional  I e(  l.inclie’  battery,  but  the  thick-paste  separator  is  replaced 
with  a specialK  develo|vd  low  resistance  electrolyte-wetted  paper.  Ihis  allows  lor  a greater  weight 
ol  aclice  materials  to  be  included 

I he  gener.il  characteristics  of  the  /inc-carbon  cell  are  as  lollows:  a nominal  voltage  per  cell  ol 
I ^ volts,  a steady  tall  id  voltage  on  discharge,  although  voltage  will  "recover”  to  a certain  degree 
under  inlermilleni  use.  liimled  shelf  life;  and  a limited  acceptable  temperature  range  in  storage  and 
operation 

Mercuric  Oxide  /inc 

I he  mercuric -ox/de  primary  cell  system  was  develo|R-d  by  Samuel  Ruben  during  World  War  II  to 
meet  mililarv  needs  for  a primary  cell  with  a belter  capacity-volume  ratio  and  better  storage  ix'rlorm- 
.nice.  parliiularlv  under  poor  environmental  conditions,  than  the  l.eClanche'  battery.  In  achieving 
this  obieclive.  the  Ruben  cell  produced  another  important  asset  a very  stable  output  voltage. 

I he  b.isic  construction  ol  the  mercury  cell  can  be  either  cylindrical  or  Hat  pellet  Ihe  /me  aiURle 
IS  isolated  from  Ihe  plated  steel  outer  case  with  an  additional  inner  top.  and.  as  in  the  alkaline-manga- 
nese tv|x-.  Ihe  sell-venling  casing  plays  no  part  in  the  chemical  reaction.  The  electrolyte  is  a solution 
ol  [vol.issium  hvdroxicle  containing  /me  oxide.  The  electrolyte  lakes  no  part  in  the  chemical  pro- 
cesses. but  acts  only  as  a vehicle  for  the  nu)venR-nl  of  ions. 

I he  open-circuit  voltage  of  Ihe  mercury  cell  is  I . .■?.*>  volts  in  Ihe  available  industrial  range,  but  in 
Ihe  commercial  market  a I 4-voll  cell  is  more  common.  This  higher  voltage  is  achieved  by  adding  a 
small  percentage  of  manganese  dioxide  to  Ihe  cathode.  The  constant-voltage  discharge  at  normal 
temperatures  is  a particularly  imp«'rtanl  characteristic  of  Ihe  mercury  system  and  is  of  benefit  to 
designers  requiring  good  voltage  regulation  in  their  power  supply  without  the  use  r>r  additional 
control  circuitry. 

A special  cell  structure  with  a large  anode  surface  area  has  been  developed  that  will  function 
salisfactonly  down  to  -2()('  I he  basic  tiesign  difference  from  the  standard  celi  is  the  as.sembly  of 
Ihe  atuKle  m Ihe  form  of  corrugated  /inc  foil  wound  into  a roll  instead  of  a pressed-powder  (xdlet. 

Mercury  cells  offer  exceptionally  stable  output  voltage,  environmental  stability,  long  life  in  use 
and  storage,  and  minialuri/ation 

Manganese  Dioxide  Alkaline  Zinc 

I he  manganese-alkaline  cell  has  been  developed  during  the  last  decade.  Its  chemical  construction 
IS  similar  to  that  of  the  /inc-carbon  cell,  except  that  it  uses  potassium  hydroxide  as  Ihe  electrolyte. 
Mechanically,  however,  it  is  rather  different.  Although  the  polarity  of  Ihe  cell  is  the  same  as  that  of 
Ihe  LeClanche'  cells  the  outer  case  of  nickel-plated  steel  is  positive  and  plays  no  part  in  the  chemical 
reaction.  The  positive  terminal  is  in  contact  with  Ihe  calhixle  through  the  nickel-plated  case  and  is 
formed  externally  as  a stud.  I he  potassium  hydroxide  electrolyte  is  suspended  in  the  electrodes  and 
IS  absorbent  so  that  there  is  no  free  liriuid.  The  potassium  hydroxide  does  not  participate  in  the 
chemical  reaction  but  acts  only  as  an  ion-transfer  agent.  The  depolarizer  is  a mixture  cf  manganese 
dioxide  and  carbon  particles. 

This  system  offers  better  voltage  stability  than  Ihe  /inc-carbon  type  and  a life  span  which  is  about 
three  limes  gn-aler  Its  perfonnance  is  notable  under  continuous  curmnl  ilrain,  and  it  dex’s  not  re- 
quire “rest"  perirxls  to  sustain  its  life.  It  can  be  stored  for  2-1/2  years  or  more  without  serious  loss 
of  power.  Performance  is  satisfactory  over  an  environmental  temperature  range  of  -20  to  +70('. 

Manganese-alkaline  cells  have  a nominal  voltage  of  I ..S  volts  and  are  available  in  a wide  range  of 
sizes,  including  the  five  mam  international  sizes  for  conventional  batteries. 
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In  llk-ir  .ipi'liv.ilii'n,  ni.inp.iin.M.-.ilk.iliiK'  nlK  .iri-  iiulk.iltil  wIk-m  tin-  /iik  t.irhun  lypi's  iiuiy  Ijik 
Ilk'  lU'siri'il  ilkir.i.. U'l islk^,  p.iiIkiil.irK  klkro  ciirii.'nl  ik'in.iinls  .in.'  Ik-.ivv  .nnl  superior  perlorm.iike 
IS  reipiireJ 

M.ipik'siiiiii  M.inp.iik'se  Diosule 

I Ik'orelk.ilK  , m.ipik'siiiin  is  .1  iiiore  .itlr.islive  .imule  m.ik  ii.il  (or  priiikiry  sells  Ih.in  is  /iik.  siiiee 
il  h.is  .1  sonskler.ihK  liiplier  elesiroile  poteiili.il  .iikl  more  lli.in  Iwiee  the  .iiiipere  hour  eiipaeily  per 
UMil  ol  sseifilil  I he  open  s Us  ml  soll.ipe  ol  .1  ni.ipnesium  sell  is  approxinialely  2.(1  volts.  I he  mag- 
nesium bailers  ssill  Iasi  aboul  tssise  as  lonp  .is  a I eClanshe'  b.iltery  ol  es|U.il  si/e  .mil  weiphi  I he 
liiph  lemper.ilure  sior.ipe  s h.ir.is  lerislies  are  very  pooil  bes  .iuse  ol  the  lorm.ilion  ol  .1  sell-proles  Imp 
l iyer  ol  m.ipnesiuni  hsslrosule  on  the  anoile  However,  this  lealure  leasis  lo  ihe  slis.ulvantape  ol 
lime  slel.is  m voll.ipe  st.ibih/alion  I he  ilelas  time  is  ilelmesi  as  Ihe  time  rei|Uireil  al  ter  the  s ireuit 
IS  slosesi  lor  a sell  or  b.illers  to  re.ieh  a speeiliesl  voli.ipe.  usu.ilK  Ihe  minimum  volpipe  neeessary  to 
oper.ile  Ihe  slesiee  Another  ilis.ulvanl.ipe  is  the  proiluetion  ol  hyilropen  slurmp  iliseharpe.  this  is 
parlisul.irls  .1  problem  in  sealesi  eomparlmenls  I his  hssiropen  is  tormesi  by  a side  reaelion  ol  map 
nesium  with  w.iler  Ih.il  prodiises  mapnesium  hyslroxide  and  hyilropen  I he  rale  ol  hysiropen  pener- 
aIionis()  25  hlerper.impere-hourpersell.il  2l°('aikl  1 almosphere 

Niekel-Cadmium  Cells 

I he  niskel-sadmium  eell  is  meshanis.illy  nipped  .ind  will  wilhsl.msl  eleslrosheniis.il  abuse,  i e.. 

It  van  be  overeh.irped.  overdissharped.  or  slaiul  islle  m a diseharped  eondilion 

Allhouph  Ihe  mskel-easlnmim  sell  o|X'rales  al  a sliphtly  lower  volkipe  than  Ihe  leasl-asid  sell,  il 
shows  little  sell  diseharpe  It  sail  be  triekle  sharped,  and  when  standinp  idle  it  evolves  prastieally  no 
pas,  so  that  lor  some  purpioses  it  van  be  hermetieally  sealed.  It  san  be  operated  over  a temperature 
ranpe  ol  -45°C  to  ■rSJ'^C.  and  it  is  eharaeteri/ed  by  an  e.seelleni  serviee  hie  inuler  both  eysle  and 
Hoat  operatisms.  Inilially  it  is  more  expensive  than  the  eomparable  lead-asid  sell,  whieh  is  limited 
tor  many  applisations.  Ihe  two  niskel-sadmium  sonstruetions  in  use  are  Ihe  poeket  type  and  the 
sinlered-plate  sonsiruelion.  Ihe  smtered-plale  eonsi  rust  ion  dill'ers  I'rom  Ihe  poeket  type  m Ihe 
method  of  support  Plates  are  made  I'rom  niekel  powder  that  is  molded  into  shape  and  healed  at 
hiph  temperature  F his  pives  a sironp.  porous  plate  that  contains  about  HO  percent  pore  volume 
riie  active  material  is  imprepnated  in  Ihe  pores  of  these  plates  by  soukinp  them  m a solution  of 
nickel  salts  lo  make  positive  plates  or  m a solution  of  cailmmm  salts  to  make  nepalive  plates. 

Ihe  smiered-plate  desipn,  because  of  the  thinner  plate  construction  and  larper  electrode  surface 
area,  offers  .idvantapes  over  Ihe  pocket  type  in  that  Ihe  cells  operate  al  hipher  current  drains  and 
are  more  effieieni  al  low  temix-ralures.  On  liphi  dram  appln  jtions.  Ihe  ixickel  and  smtered-plale 
batteries  have  similar  characterislies. 


I ithium  Orpaiiic 

Many  companies  are  presently  developmp  a new  line  of  hiph  enerpy  density  batteries  that  employ 
a lithium  anode.  Many  have  already  exhibited  an  enerpy  density  that  is  four  limes  preater  than 
mercury-i'inc  cells.  'I  hey  are  liphler.  have  preater  power  output,  can  operate  over  far  preater  lem- 
peralum  ranges  (-54°('  to  -r74'’('i,and  have  a remarkably  long  projected  shelf  life  of  up  to  20  years. 

I he  lithium  organic  battery  contains  a lithium  amule,  a carbon  cathode,  and  an  o'panic  electro- 
lyte of  lK|uid  sulphur  dioxide  The  lK|uid  sulphur  dioxide  is  the  ile|H)lari/er.  Ihe  ceils  are  con- 
structed by  winding  rectangular  strips  ol  anoile-separator  cathiKle-separator  stacks  into  a cylindrical 
roll,  which  IS  then  placed  in  a nickel-plated  steel  can  Hus  metIuKi  increases  the  surface  area  of  the 
electrodes  and  gives  the  cells  a high  current  capability 

I here  are  several  cathodes  which  have  been  previously  used.  The  most  stable  is  VsOs,  followed 
by  the  (CXl  series,  then  .S02.  Various  electrolytes  are  used  with  added  salts  for  stability  and  con- 
ductivity  A.  in 
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Uu'  ni.nii  .uh.iiil.it'i.'s  ol  lln-  lillniitn  tolls  .ito  sor>  liit-'h  powoi  doiisilios.  i)|K  t.iIi()ii  .il 

i-'lronu  l>  loss  .iiul  hit:h  lomi'orjluros.  lonj:  sholl  lilo,  lnf:lt  ssorkiiip  voll.ifio.  Ill(•tl  siirroiil  s jpj- 
hiliik's.  .iiul  llosil'lo  ils'sij:ii 


I ithiuni  InorK-iiiK 

I Ik'  lithium  murp.inK  toll  dilU-rs  Iri'iu  Ilu-  lilhiuin  orftjnio  or  sulphur  ilionido  toll  in  that  Ilu- 
salhodc  rojslaiil  iIu|ukI  osshalulos.  suoli  as  thioiiyl  oldorido  or  sulfuryl  thioridol  also  servos  as  the 
sole  solseiil  lor  the  eles  Irolv  to  ( usually  lithium  tetraeliloroaluminate) 

\s  m the  sulphur  dioxule  eell.  a loss  weijiht.  high  siirlaee  area,  earbon  positive  eleetoKie  aets  as 
a tatalssi  tot  the  rediietion  ot  the  sathoile  reaetants,  thus  permitting  the  eell  reaefion  to  proceed. 
.Since  the  solsent  serses  as  the  cathode  depolarizer  lor  the  eell.  there  is  no  need  lor  a separate  supply 
ol  callunle  reaetants.  ,ind  the  allendani  results  are  greatly  reduced  eell  sseighi  and  increased  speeilic 
energy 

( III  rent  versions  ol  the  hlhium-lhiony  I chloride  eell  exhibit  speedie  energies  ol  .ipproximately 
SIH)  watt  hoars  per  kilogram,  more  than  50  percent  higher  than  previous  lithium-sulphur  dioxide 
cells  ,ind  more  than  eiglil  limes  higher  than  the  common  tiashhght  ballerv  Other  lealures  include 
improved  low  iem|x  ralure  operation  (dow  n lo-45(')aiul  voltage  stability. 

I arge  eell  technology  is  advancing  and  this  Is  discus.sed  in  the  section  "Near-'I  erni  Battery 
Development 


l.ilhnnn  Water 

I he  hlhium-water  eell  lias  uniiiue  lealures  which  make  it  especially  practical  lor  marine  use.  Its 
electrolyte  can  be  predominantly  seawater,  and  the  system  is  m principle  insensitive  to  deep  ocean 
pressures  Some  preliminary  experiments  have  eonrirnied  that  operating  the  battery  under  a hydro- 
static head  should  not  signi/'icanf/y  alter  its  eharaeferislies. 

Systems  have  already  been  developed  specil'ically  for  marine  use.  An  8-kilowatt.  2()-volt  bipolar 
nuxiule  for  torpedo  application  with  a discharge  time  of  10  minutes  has  been  constructed  and 
sueeessfully  tested  I'or  longer  duration  ( I 2 to  20  hours,  continuous  or  intermittent),  an  800-watt, 

I 2-volt  battery  with  monopolar  eell  has  been  built  In  both  of  these  designs,  unalloyed  lithiuni  is 
coupled  to  nickel  or  iron  cathode  structures.  Power  control  at  desired  levels  is  automatically  at- 
tained by  adjusting  the  electrolyte  composition. 

The  lithium-water  battery  is  inherently  applicable  to  the  inartne  environment,  particularly 
because  of  the  following  attributes  the  solubildy  of  lithium  hydroxide  in  seawater  prevents  scaling 
problems,  the  free  flooding  of  the  battery  eliminates  pressure  eonipensation  reijuireinents;  and  the 
battery  is  neither  cathode  nor  electrolyte  limited 

Silver-Znic  Cells 

Until  recent  developments  in  lithium  high  energy  density  cells,  the  silver-zinc  battery  offered  the 
highest  energy  density  for  any  primary  system  commercially  available.  It  has  been  used  as  a storage- 
battery  for  a limited  number  of  cycles.  The  cell  essentially  consists  of  I’orous  silver-oxide  positive 
plates,  zinc  negative  plates,  and  a potassium  hydroxide  electrolyte.  Porous  separators  physically 
separate  the  plates  and  are  saturated  with  electrolyte.  Cell  cases  are  plastic,  e.g.,  nylon,  bakelite,  and 
for  lightweight  applications  a pressurized  rectangular  magnesium  battery  case  is  used  For  appli- 
cations where  long  storage  is  reijuired,  automatic  activation  mechanisms  have  been  constructed, 
consisting  es.sentially  of  a storage  container  and  a pressurization  mechanism  for  transferring  the 
electrolyte  to  the  battery 

I he  active  wet  life  of  the  cells  ranges  from  2 to  18  months,  depending  on  the  model  aim  teniper- 
atua-s  of  operation.  Dry  shelf  life  estimates  are  more  than  lOyearsat  27°C,  2-1 /2  years  at  S2°C, 
and  2 months  at  74°C  for  50  percent  capacity  retention. 
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I Ik-  I'lK  rtv  iiiili'iil  I |vi  mill  »i-k'IiI  hi  miImiik-i  oI  IIh-  I’.isr  nnsKiii  is  iisii.iIIs  iiukIi  Iii(;Iut  Ih.iM 
Ih.il  ol  Ilk-  lm.ll  p.K  k.iiK-il  mill  I Ik-  i-sIi-mI  "I  i-ikiiiv  mil  pul  kiIik  Him  is  ili-piiuk-iil  upon  iIk- 
iinifKiliK-ss  n-(|uiK-il.  .iiul  low  i.iK  l\  ivs  gi.-iK-i,ill\  ollci  iIk  liiplu-si  ciK-ipy  ik-nsily  I lu-  lii(;h  ciK-rpy 
ik-iisiU  IS  .kIik-u-iI  oiiK  wiIIi  IIk-  l,iipi.-r  ImIUik-s.  i-  p . .'1)1)  ,im|H-ri-  liours  wMli  ik-iisily  fK-iK-r.illy  ik- 
iK.isiiif:  111  sm.ill  SI/OS  Si-ioiul.irs  h.ilkiK-s  otki  jhoul  HX  lo  I II)  w, ill-hours  pi-r  kilo)!r;iiii  ;iiul  0.27 
w.iii-lioui  per  eiil'K  leiilmK-k-r  m iirl.im  iiioik-ls.  hiil  lln-y  ).K-iK-r.illy  kill  m Ihe  e.iK-fiory  H8  lo  I 10 
w.iH  hours  per  kilopr.im  .mil  0 I ^ lo  0 20  w.ill  ho.ir  |k-i  eiihu.  eenlimeler 

Sil>er-/iiu  sells  .ne  hem);  iiseil  ,is  .i  soiine  ol  m.im  |Hiwei  m ileep-oee.m  siihmersihles  I his  eell 
l\  ps  IS  seleeleil  bee.iiise  il  oilers  hi);h  eiier);y  ilensily . loler.iiKe  lo  hij;h  i.ites  ol  iliseh.irj;e,  .mil  loii); 
ilr\  slor.ijie  hie  lls  ilis.iilv,ml,i);es  .ire  hi):h  eosl.  shorl  tvele  hie  lor  sleep  shseli.irpe  eysles.  shorl  wel 
slor.a's-  hie.  .msl  ilillieiilly  m ilelermiiim):  sl.ile  ol  sh.ir):e 

Siihniersihle  insl.ill.ilions  mshiile  h.illeries  moiinls-sl  wilhm  !!;e  pressiire-resistm):  hull  jiiil  Ihose 
m Ills-  Ires-  llooiliii);  .ire.i  oiilsiile  llie  pressure  hull  Ihere  .ire  sevsnil  prohlems  ussosuleil  with 
presMire-sompens.ileil  silser-/ms  sells,  meliiilm);  eleetrolyle  e.irryovs-r.  spill  .mj:le.  he.il  transler. 
h.illery  shorts,  els 


Silver-<  .iilmiiim  ( ells 

Ills-  silver-s.isliniiim  h.illery  h.is  several  aslvaiil.iges  m a stora):e  applieatioM,  .msl  il  oilers  a eoni- 
promiss-  between  the  loii);  eyele  hie.  low  sapasily  ol  the  niskel-easlnnum  sell  and  the  high  sapasity. 
low  eyele  hie  ol  the  silver-zme  h.illery  I ives  ol  7(XJ0  eyeles  at  shallow  diseharge  and  weights  ol 
72  h wall-hours  |K-r  kilogram  have  heen  reporled 

Ills'  positive  plate  is  a porous  slriielure  that  eonlams  graded  sinteresl  silver,  whereas  the  ns-galive 
eleelrode  eontains  eonipaetesl  eadiniiim  eomiroiinds  A semipernieable  membrane  separator  is  used 
between  the  two  eleelrodes.  In  the  /ine-silver-oxide  ballery.  the  dendrilie  elestroplalmg  ol  /ine 
onto  Ills-  separators  may  eause  damage  during  the  overeharged  period.  Beeause  of  Iheir  relative  in- 
soliibihly.  eadmium  negatives  eaiiss-  no  similar  separator  damage  under  overeharge  or  other  severe 
operating  eonditions  They  are  not  suhieet  lo  the  negative  eorrosion  that  is  evident  on  z.ine  eleelrodes. 
Conseiiuently  . the  silver-eadinium  eell  system  is  more  durable  than  the  silver-zinc  system,  prineipally 
beeause  of  the  differenee  m negative  solubility  I he  eleelrolyte  is  a potassium  liydro.xide  solution 
held  within  the  absorbing  si-paralor 

Ihe  silver-eadmiuni  ballery  exhibits  a long  Hat  plateau  voltage  range.  Under  given  diseharge  rates 
and  temperatures,  the  plateau  voltage  regulation  will  be  about  t5  pereent  at  a fixed  load  Hie  pla- 
teau voltage  will  drop  with  a decrease  m operating  leniperalure.  Open  circuit  voltage  is  about  1 .25 
volts,  and  load  voltage  is  about  I I 5 volts  at  a I -hour  discharge  rate. 

Under  most  conditions  of  service,  the  maximum  value  for  watl-hours  |ier  kilogram  varies  from 
52  8 to  72.6  and  the  value  for  watt-hour  per  cubic  cenlirneter  from  0. 1 2 lo  0. 1 b.  With  a discharge 
depth  ol  less  than  10  percent,  cycle  lives  on  Ihe  order  of  2000  to  .1000  might  be  expected.  For 
deep  discharges,  approximately  50  percent,  a cycle  life  of  300  to  500  might  be  anticipated 

The  ballery  has  an  exeelleni  dry  storage  life.  After  activation,  the  discharge  retention  is  also 
high,  with  as  much  at  85  percent  of  the  original  capacity  remaining  after  1 year’s  charged  wet  stand 
at  approximately  2I°('  I he  lime  lor  50  percent  capacity  retention  is  about  2 years  at  27°(',  1 I 5 
days  at  52°.  and  58  days  at  7 |°('  Dry  shelf  life  is  over  3 years  with  negligible  capacity  loss. 

I he  cost  |x.'r  cell  is  close  to  that  of  Ihe  silver-zine  cell,  but  more  cells  are  required  because  Ihe 
nominal  cell  voltage  is  lower 
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I ho  .nluo  iiijlon.il  ol  iho  i'omIivo  oloolnulo  is  lo.ul  iliovulo  aiul  Ih.il  ol  Iho  no(>iilivo  is  ,i  liiiihly 
ro.Ktiso  spiinps  Io.kI  I lio  oloilioilos  .iro  oloslrioally  iiisiil.iloil  trom  ojoli  olhot  hy  sop.iralors  Many 
Jillorom  l>  ivs  ol  si’patalors  ato  iisoil.  sikIi  as  rosin-ii,ipro(:naloil  oolliiloso  inalorials.  mioroivinuis 
riihhoi,  anil  lihor;;lass  mat  1 ho  oloilrolylo  in  liilly  iharpoil  hallorios  is  a soliilion  ol  siilhirio  aoul 
isilh  spoiilio  iirasitios  tanpinp  trom  I ’ 1 “i  to  I ;<()(),  ilopoiulini:  on  Iho  inloiulod  sorvioo 

In  Iho  iiilK  iharirotl  slalo.  Iho  iKyalivo  oloilroilo  osisls  as  loail,  Iho  posilivo  as  load  diosido.  and 
Iho  ooiuonlralion  ol  sulliirn.  aiid  al  its  maxinuiin  lovol  As  Iho  soil  is  disoliarpod.  Iho  (losilivo 
olcolrodo  IS  ooinorlod  lo  load  siillalo  I ho  ovorall  roaoiion  rosnils  in  iho  oonsiiinplion  ol  siiHiirii 
aoid  and  an  oipiivalonl  prodiiilion  ol  walor  I ho  oonsiiinplion  ol  siilliirio  aoid  diiriny  Iho  disoharjro 
ol  a load-acid  hallors  prosidos  a oonvonioni  inolhod  hy  which  Iho  slate  ol  charpo  can  ho  moasiirod 
\Mion  Iho  coll  IS  charfiod.  iho  load  siillalo  is  convorlod  lo  load  dioxido  at  iho  posilivo  plalo  and  load 
al  Iho  nopalivo  plalo  and  Iho  siilliiric  acid  is  a|;ain  conconiralod 

I ho  niaior  Is  pos  ol  hallorios  prodiicod  aro  Aiilomolivo.  inolivo.  and  slalionary  Auloniolivo 
hallorios  aro  dosiynod  lo  liirnish  Iniih  curronts  I 200  lo  ^00  aniporos  lor  a (woll  syslonil  lor  a low 
soconds  or  inimilos  our  a wide  ranjio  ol  loniix-rainros,  Molivo  powoi  hallorios  aro  roipiirod  lo 
supply  powor  lor  A lo  10  hours,  and  aro  dosignod  lo  wilhsland  lro(|iionl  discharjros  insload  ol 
roinaininp  alinosl  liillv  charirod  as  in  Iho  casi-  ol  aiilomolivo  hallorios  Stationary  hallorios,  iinhlso 
the  aiilomolivo  and  molivo  typos,  aro  dosipnod  lor  lonplilo  appllcalions  that  do  not  roqiiiro  the 
inochanical  riippodnoss  ol  hiphiiirronl  oiilpiil  l ow  solldischarpo,  slahilily.  and  high  olTicioncy  aro 
Iho  imporlaiil  foaliiros  Tho  stationary  hallorios  miisl  havo  a long  Ido  nndor  conliniioiis  lloat 
conditions.  A loiirth  class  ol  load-acid  hallorios  aro  thoso  which  have  hoon  dosignod  with  an  oloclro- 
ly  to-rolaining  separator  lo  provoni  loss  of  iho  oloctrolylo  whon  Iho  hallorios  aro  invortod.  ( hoso 
hallorios  aro  gonorally  smallor  in  si/o  than  tho  other  typos  and  aro  dosignod  for  porlahio  high  rale 
power  applications  for  which  Iho  convonlional  dry  colls  would  not  bo  suilablo 

Somewhat  similar  in  purpose  of  tho  oloctrolylo  retaining  coll  doscribod  above  is  tho  roconlly 
inirodiicod  gol-lypo  coll  The  gol-lypo  coll  has  most  of  tho  advantages  of  Iho  convonlional  load-acid 
coll  without  many  ol  Iho  drawbacks.  Since  tho  oloctrolylo  is  iminohili/od,  Iho  battery  can  bo  oper- 
ated on  Its  sides  and  no  rnainlonanco,  such  as  monitoring  of  lupiid  levels,  is  ro(|uirod  Its  discharge 
and  cycle  life  charactorislics  aro  similar  to  other  load-acid  hattorios 

l.oad-acid  colls  havo  boon  used  in  many  doop-ocoan  systems,  including  deep  submorgonco  vehicles, 
whore  Iho  hattorios  aro  pressure  oquali/od  and  located  oxiornally  lo  Iho  pressure  hull.  Unless  low 
energy  density  rules  out  Iho  load-acid  batlory,  it  will  probahiv  bo  oxtonsivoly  used  for  a long  liino. 

It  IS  a proven,  moxixmsivo  rugged,  rohablo.  and  relatively  oasy-to-sorvico  source  ol  power  It  also 
has  a high  coll  voltage  I 2.0  volts),  a relatively  long  life  cycle,  -md  a Irouhlo-froo  service  life.  1 hero 
aro  off-the-shelf  units  dosignod  s|)ocifically  for  prossuro-balancod  uso  oxiornal  lo  prossiiro  hulls 

Magnosium-Wator  Activated  Colls 

Those  cells  aro  stored  dry  in  an  inactive  condition  in  hermetically  sealed  oontainors  and  aro 
activated  by  adding  water.  They  have  the  advantage  over  other  reserve  coll  systems  in  that  the 
electrolyte  does  not  need  to  bo  transported  with  tho  battery.  One  disadvantage  is  slow  activation 
time,  requiring  several  seconds  to  minutes.  They  aro  used  in  powering  airborne  equipment,  signal 
lights,  air-sea  rescue  equipment,  etc 

The  magnosium-silvor  chloride  and  magnesium-cuprous  chloride  aro  two  types  of  water-activated 
cells  that  are  available  commercially  Tho  silver  chloride  colls  operate  at  higher  voltages  and  have 
higher  capacities  than  the  cuprous  chloride  cells  The  cuprous  chloride  cells,  however,  are  less  ex- 
pensive Both  of  these  cell  systems  have  a constant  voltage-time  discharge  curve  and  the  character- 
istic of  evolving  heal  during  cell  discharge  that  make  them  applicable  for  operation  in  low  temper- 
ature environments.  The  heal  evolved  during  cell  discharge  is  mainly  caused  by  the  corrosion  of 
the  magnesium,  the  energy  of  this  reaction  is  liberated  as  heal  instead  of  electrical  energy. 
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Improvi'il  viTMOM'- ol  tiu'  tnapia-suim  .iiuuU',  mitt  i.ithodi'  si-.iw.itir  icll  have  ilemoiistiateil  the 
eapahihti  to  tiiriiish  poviet . peiieialli  m i on  tune  turn  with  an  eleetronie  eon  vet  ter.  lor  a variety  ol 
oeean  baseil  ilevieev  I he  siKerlees,  mapiiesinni  anode,  inert  eathode  seawater  eell  is  partieiilarly 
attraetive  lor  nndeiw.itei  eleetronie  deviees  th.it  .ire  eharaeteri/ed  by  their  use  in  larpe  luiinbers  or 
in  an  expendable  manner  I Ins  b.itfety  (trovides  .1  low  cost  power  supply  in  the  practieal  watt-lo- 
teiis  .il-watts  power  r.inpe  It  also  has  merit,  with  respeit  to  initial  eost.  simpheity.  iind  salety,  lor 
meehanii.ilK  rei harjte.ible  use,  1 e , reiil.ieement  ol  tire  in.ignesiiim  eleetrodes  to  restore  battery 
enerpy  m eontrast  to  eonvention.il  .ipphed  iiirrent  eharpmp. 

I his  batters  has  two  mam  dtawbaeks  I I I the  lell  voltape  is  low.  .ipproxiinately  0 .S  volt  and 
tji  in  operation  it  prodines  a lloeeiilent  reaelioii  produet  and  seale  whieh  tends  to  aeeumulate  on 
the  eleetrodes  and  rediiie  the  elei troehetnieal  aetivity.  Transistor  eimverters  are  used  to  raisi-  the 
batten  voltape  to  usidiil  levels  without  having  to  use  a large  number  oT  eells  m series  The  elogging 
problem  is  more  dillieiilt  to  treat,  and  the  eurrent  density  ol  the  eell  must  be  limited  so  that  lor  a 
given  rate  ol  ekitrolvte  iireul.ition  through  the  eell  elogging  does  not  oeeur  within  the  desired  oper- 
ating hie 

Magnesium  inert  eathode  seawater  battery  systems  have  provided  design  power  output  lor  un- 
interrupted tests  m exeess  ol  .^-1/2  years.  I he  Naval  Researeh  l.aboratory  has  sueeessrully  deployed 
this  tyjx'  ot  battery  system  in  thedulToT  Mexieot  I year)  and  m the  Aretie  ( test  is  now  m progress 
with  more  than  t>  months  ol  perTormanee I.  A line  ol  marker  beaeons  I pingers)  is  presently  being 
manuTaitiired  that  employs  the  basic  magnesium  inert  eathode  seawater  cell 

Zmc'-Air  ( ells 

I he  /me-air  eell  is  comprised  ol  a caustic  alkali  electrolyte,  ati  anode  of  atnalgamated  /inc.  and  a 
carbon  cathode  capable  of  utih/mg  atmospheric-  oxygen  The  operating  voltage  is  1 .1  to  1 .2  volts 
under  load  and  I 4 to  I 5 volts  at  open  circuit  The  carbon  cathode  is  porous  and  gas  permeable  to 
“breath  air."  but  close-grained  enough  to  resist  electrolyte  penetration.  The  electrolyte  is  usually 
a 20  percent  sodium  hydroxide  solution  for  low-temperature  service  Lime  is  added  to  react  with 
the  sodium  /ineate  formed  and  to  provide  continuous  regeneration  of  the  sodium  hydroxide  elec- 
trolyte I he  cell  IS  shipped  dry,  with  the  caustic  east  around  the  anode  and  cathode  and  with  the 
lime  in  dry  form  at  the  bottom  of  the  container.  The  lime  is  “activated"  by  the  addition  of  water. 

I he  intrinsic-  simplicity  of  its  design,  the  ruggedness  of  its  construction,  and  the  reliability  of  the 
electrochemical  reaction  make  it  ideal  for  numerous  applications,  including  navigational  buoys, 
lighthouses,  and  railroad  signal  systems. 

The  cells  can  he  assembled  into  large  battery  systems  with  a capacity  of  thousands  of  ampere- 
hours  These  cells  can  provide  continuous  service  in  many  critical  applications  (such  as  naviga- 
tional buoys)  for  periods  in  excess  of  2 years  without  maintenance.  There  are  several  types  of 
/.inc-air  and  /.mc-oxygen  batteries  being  produced  at  this  time.  Many  are  designed  for  high  rate 
applications  on  the  order  of  a day.  Portable  /inc-air  batteries  are  being  used  in  man-packed  trans- 
ceivers, night  vision  devices,  etc. 

The  /.inc-air  system  is  recommended  where  very  high  energy  density  220  to  .430  watt-hours  per 
kilogram  is  required  and  air  can  be  supplied  to  the  battery. 

Investigations  have  been  made  ol  supply  ing  oxygen  Irom  compressed  gas  tanks  for  applications 
where  air  is  not  available,  e g , underground,  undersea,  and  in  space.  The  energy  density  is  greatly 
reduced  (about  50  percent)  when  oxygen  is  furnished  in  this  maniier. 

Metal  Hydrogen  Batteries 

Recent  developments  of  nickel-oxide  hydroxide  and  silver-oxide  hydroxide  cells  have  resulted  in 
usable  cell  systems.  The  first  system  has  been  developed  into  cell  sizes  with  a capacity  of  about  50 
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•iniiHTi.'  hours  lor  use  iii  s.ili  llik’s  I lir'sc  ooiisisi  ol  imillipl.ilc  i.ilhoilcs  ol  smti  ri-il  iin.kcl-ox]ili.' 
clcs Inulr'S  .iikl  I’l.ilimiiii  lUtali/oil  .iiuhIi's  with  (l.is-si  p.ii jlinj!  s^pariilots  anil  a polassiiim  hydtosiiii- 
I'liklroH  U'  I hcsi'  arc  assi'inblcil  in  pri’ssi;ri/cil  cast’s  anil  Ihc  walii  proihicc’il  on  char)!i’  is  sloriil  lor 
use  on  ilischarrri'  I hiTc  an-  bolh  low  aiiil  hip'h  pri’ssurt'  sisli  ins  which  have  (;inn  st-vc-ral  Ihoinsaiul 
cycli's  at  about  (dl  (H’rcc’iil  tli’plh  ol  discharge’ 

Nl  AR  Tl  RM  BArri  RY  l)i  VH Ol’MI  NT  i IWdt 

The  prime  coniiHinc’iit  iic'c’di'd  lor  widespread  electric  vehicle  iis.jj!e  is  a hifih  enerfiy  deiiMly,  hifili 
(rower  density,  low  v-'sl,  and  'oiij!  hie  propulsion  battery  Allhounh  much  ellorl  is  beint:  devoted  to 
the  development  ol  imtrroved  batteries,  projtress  is  slow  I'ecaiise  ol  technolopic.il  problems  It  is 
obvious  that  electric  vehicles  must  be  developed  to  save  oil  resources  to’  .nore  ellicieni  uses  I he 
resulting  near  term  battery  developments  should  have  a siymilicaiit  im|rai  t on  li.iiire  marine  battery 
capabilities. 

riie  battery  systems  that  have  been  identilied  loi  ne.ir  term  electric  vehicle  eonsider.ition  (there- 
lore  also  candidates  lor  marine  a[rphealionsl  are  improved  lead  .icid,  nickel  /iiic.  nickel  non.  /me  an. 
and  lithium  chlorine 

l arpe  (rrimary  type  lithium  batteries  could  also  be  used  lor  s|iecial  marine  .ipphcations  rei|uirni(! 
very  hijth  energy  and  densities. 

I he  comparative  energy  densities  of  these  batteries  are  in  ligiire 

Lead-Aeid  Batteries 

Improvements  in  energy  density  and  cycle  life  can  be  reah/ed  by  reduction  of  container  weights, 
improvement  in  efficiency  of  active  materials  ( now  < bO  [lereent  utili/ationl.  and  reduction  of  grid 
weight  It  IS  unfortunate  that  weight  reduc  tions  of  grid  and  ac  tive  materials  usually  cause-  a decrease 
in  cycle  life.  However,  an  improved  understanding  of  how  lead-acid  cells  actually  work  and  ol  novel 
electrode  construction  diK-s  promise  significant  improvements,  f-or  example,  the  f'rench  and  (ierman 
battery  companies  are  testing  trucks  and  buses  [lowered  by  lead-acid  batteries  with  s|secific  energies 
of  40  wall-hours  [icr  kilogram.  I he  Japanese  have  reported  lead-acid  batteries  with  specific  energy 
densities  of  60  watt-hours  per  kilogram.  The  cycle  life  expectancy  of  these  very  high  performance 
lead-acid  batteries  is  expected  to  be  greatly  reduced.  While  this  would  be  detrimental  to  practical 
electric  vehicle  propulsion  it  would  be  tolerable  for  stx'cial  pur[X)se  marine  vehicles  now  tolerating 
the  (xior  cycle  life  and  very  high  cost  of  silver-/inc  batteries. 

f rom  this  point  of  view,  it  is  very  likely  that  significant  battery  iniprovenient  could  be  reali/ed 
for  marine  vehicle  applications  by  using  the  advanced  high  performance  lead-acid  battery  technology 
that  now  exists  in  laboratories  for  limited  cycle  life  marine  applications. 

Nickel-Iron  Batteries 

Industrial  nickel-iron  batteries  that  am  marketed  today  were  invented  by  I'homas  Kdison.  These 
batteries  are  noted  for  their  ruggedness,  long  cycle  life,  and  high  energy  density  (between  lead  acid 
and  nickel  iron  it  has  very  high  discharge  rates).  Problems  with  hydrogen  gas  pioduction  and  self 
discharge  have  restricted  their  use  for  many  applications. 

Them  have  been  recent  developments  that  indicate  that  significant  improvements  in  nickel-iron 
batteries  are  now  possible.  Projections  of  this  technology  suggest  the  following  nickel-iron  battery 
capabilities:  an  energy  density  greater  than  60  watt-hours  f>er  kilogram:  lens  of  years  of  life  with 
thousands  of  deep  cycles,  exceptionally  rugged,  low  cost,  a power  capability  greater  than  1 00  watts 
[)er  kilogram,  and  good  voltage  regulation  with  good  charge  and  discharge  efficiency. 
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Hk'  /iik  an  s\sliin.  like  Ihc  imkel-/nu  s\sleni,  has  also  hoeii  niuler  ilevelopiiK-nl  lor  a nuinher 
ot  scars  I his  ilcsclopmcnl  has  rcsullcil  in  prnnaiv  /me  an  halleiies  with  eneriiy  densilies  ol 
approMiii.ilelv  200  to  400  vsall-hours  per  kilotMain  SikIi  pninars  /ine-air  halleries  are  now  henir: 
iiiaikeleil  A eoiisuleral'le  anioniil  ol  work  has  also  been  ilireeled  towatil  ilevelopinp  a reehart!eable 
/IIK -air  system  reipiireil  lor  hallery-powereil  veliieles  Keasonable  sneeess  has  been  allamed  m terms 
ol  meehaiiieally  reeharftmg  the  battery  I his  involves  replaviiit;  the  /me  anoiles  ami  eleelrolyfe  with 
new  /me  anodes  as  they  become  depleted  Any  eleetrie  vehicle  battery  would  reipiire  replacement 
ol  a larjic  nninbei  ol  anodes  each  lime  the  battery  was  reeharfjed,  whieh  would  mean  e\|>osiire  to  a 
eauslie  eleelrolyle  dnrinj;  replacement  ( onseiiuenlly.  ineehanieally  reeharf;m):  the  /me-air  system 
does  not  ap(var  to  be  suitable  Irom  an  appliealion  slaiulpomi  I leelrieally  reeharjmi);  the  /ine-air 
system  is  a imieh  more  dd'lieull  leehnieal  iiroblem.  and  only  limited  siieeess  has  been  attained  rtie 
problem  is  larfzely  one  ol  altaininy:  a reasonable  cycle  hie  However,  a large  amount  ot  development 
work  IS  eoninunnp  m this  area,  anil  a userid  /me-air  system  may  be  developed  in  the  Inliire 

Developers  m b ranee  have  described  a new  rechargeable  system  with  I 10  wall  honrs  per  kilogram 
and  an  acquisition  cost  ol  SdO  [X-r  kilowall-liour  lor  submerged  applications  the  requirements  lor 
air  or  make  up  oxygen  storage  would  reduce  the  energy  density  up  to  50  percent 

I ilhmm-b'hlorme  Hallery 

A nongas  hthiuin-ehlorme  molten  salt  battery  has  been  developed  Itial  is  capable  ol' several 
hundred  cycles  (relerence  2).  I hese  cells  consist  of  a hthium-alummum  alloy  pressed  on  a steel 
grid  anode,  a thick  porous  carbon  cathode,  a boron  nitride  separator,  and  a potassium-chlorine, 
hthium-chlorine  electrolyte.  Operating  temperature  is  45(K'  Hie  unit  is  enclosed  m a steel  case 
with  the  anode  connected  to  the  case  and  the  cathode  brought  out  through  a boron  nitride  terminal 
St  ud . 

I'his  system  is  now  being  developed  lor  producing  prototyjx'  batteries  lor  evaluation  m hit  trucks, 
rite  capacity  is  720  ampere-hours  at  ^(>  volts.  The  total  battery  is  insulated  to  maintain  the  operating 
temperature  lor  periods  up  to  72  hours  between  discharges.  Ihe  heal  involved  during  discharge 
maintains  the  temperature  At  present  the  linished  battery  gives  70  watt-hours  per  kilogram  and 
0 .'ll  watt-hour  per  cubic  centimeter.  It  can  be  rapidly  recharged  m 20  minutes  or  longer,  depmiding 
upon  Ihe  current-earring  capacity  of  the  terminal,  fhis  is  a 20  percent  saving  in  volume  and  approx- 
imately a .4  to  I weight  advantage  over  the  lead-aeid  cell. 

I ithium  Inorganic  l-.lectroly  te  Batteries 

A number  of  corporations  are  curavilly  developing  Ihe  lithium  inorganic  electrolyte  battery  for 
govenirnenl  and  industrial  use. 

I his  development  effort  has  emphasi/ed  Ihe  ihionyl  chloride  reaction,  since  it  produces  Ihe  most 
energy  density  of  the  sealed  cells  Cells  can  be  eonligured  lor  low  rates  ol  I month  ( 550  watt-hours 
[vr  kilogram  and  0 ‘<2  watt-hour  per  cubic  eentmielei  I to  very  high  rales  of  10  minutes  (220  watt- 
hours  jx'r  kilogram  and  0 .f7  watt-hour  per  cubic  eentimeter)  I his  is  by  tar  superior  pertormanee 
when  compared  with  other  battery  and  engine  systems  for  m.irme  piopulsion  applications  I he  cell 
si/es  manulacltired  range  from  I am|X're-hour  to  I 5.000  anqx're-hours  During  1075. md  |07(i,  the 
Naval  Undersea  Center  perlornied  an  extensive  test  progr.mi  with  ten  dilleient  ly  [X’s  ol  hlhium-lhiony  I 
chloride  cells  ( relerence  .D  Based  on  tjiese  tests.  NU(  .md  other  .lelivilies  are  applying  tellable  low -rate 
ly|x-  cells  with  capacities  ol  up  to  25  ,im|X’re-houis  I he  test  progr.im  h.is  .iided  m Ihe  idenlilii.ilion  ol 
many  deliciencies  with  Ihe  |>resenl  l.irge  si/e.  lugh-r.ile  cells  Many  ol  the  delicieneies  e.in  be  readily 
corrected,  but  others  are  less  underslooil  aiul  .idditional  development  is  required  ( ells  up  to  the  ‘'00 
am|X’re-hour  si/e  have  been  designed  lor  spaeeerall  use,  and  very  l.irge  cells  h.ive  been  ileveloped  .md 
tested  lor  submarine  propulsion  NUC  is  studying  the  use  ol  this  technology  lor  .ipphealions  m the 
Deep  Submarine  Rescue  Vehicle  and  Swimmer  Support  Vehicle  It  is  believed  that  this  cell  leelmology 
will  prinluee  an  excellent  high  energy  density,  underwater  power  source 
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I o prinlui.c  ,1  lilhiiiin  n il  m-vitjI  iU'sit;ii  li'.iliitcs  .iti-  iiiipoi l.iiil  use  ol  .1  heriiii'tii  simI 

jiul  use  ile.iii  elieniiv..ils  ( iluoinl  (.hlurule  in  p.irtkul.ii  I.  pruvision  lur  .Kle(|u.ile  eoolin);,  ease  ni.ileri.il 
I'l  stainless  steel,  inetln'ils  to  prevent  sase  piinetiire  in  seal  ru|itiire.  anil  use  iit  a tesiTve  ty|)e  eell 
lulien  lii(;h  rate  veils  must  he  stoieil  prim  to  iisel. 

Iliitli  rate  litliiiiin  |ito|nilsion  hatteiies  rei|uiie  a speeial  ilevelo(itiient  elloit  heeause  ol  possible 
thermal  exeursioiis  I hese  batteries  shoulil  be  ol  the  reserve  type  lor  a long  shell  hie  anil  sale 
hanilhm;  ilurmg  eslieme  enviiimmen.ts  I arge.  meilium  rale  eells  with  a reserve  eleelrolyle  are 
now  being  vonsnlereit.  but  lurlher  ilesign  ilevelopmeni  is  neeileil.  NIK'  is  lesimg  a U>()  ampere-hour 
eell  al  the  2 hour  rale  lor  unilerwaler  vehiele  I'ropulsion 

l eehniiiues  rei|uirevl  lo  hanille  waste  heat  reieetion  anil  the  problems  ol  short  eireuits  anil  reverse 
polarity  are  eurrently  being  ei'iisiilereil 

IT.e  lithium  eell  ollei-s  the  lollowmg  ailvantages 

I . Three  to  six  times  the  energy  ilensity  ol  silver-/me  halleries 

1 ( omplelely  sealeil,  no  moving  parts,  no  nuiil  eireulalion  rei|uireil 

.V  No  noise 

4 High  rehabihiy 

5 No  entieal  malerials 

h No  sensitivity  to  shoek  or  vibration 

^ Pressure  eompensaleil 

K Variable  power  souree  lor  low  anil  high  speed  propulsion 

‘T  (iood  low  temperature  ixTlortnanee 

10  High  cell  perlormanee  (.V(>  volts  open  eireuit  anil  Hat  voltage  discharge  curve) 

I I . l ow  cost 

Although  these  are  primary  eells.  it  would  take  10  to  100  recharge  cycles  I'rom  a silver-ziiK 
battery  tor  il  lo  be  more  ecoiioniical  than  a lithmni  inorganic  electrolyte  battery. 

Under  burst  vehicle  speed  conditions  the  lithium  battery  may  be  designed  lo  provide  as  iiiucli 
rejected  heal  as  electrical  power  This  heal  may  then  be  used  lor  boundary  layer  control  purposes. 
The  hlhiuni  battery  also  provides  a widely  variable  speed  power  source  II  will  operate  most 
ell'icienlly  al  low  speeds  and  provide  very  high  power  Tor  burst  s|veeds. 

FAR  TLRM  BATTFRY  DEVFLOPMFNT  ( 1985) 

There  is  a potential  for  very  advanced  batteries  that  would  compete  with  gasoline  engines  for 
automobiles  and  gas  turbines  or  pumped  hydroelectric  storage  for  load  leveling  of  utility  systems. 
.Such  batteries  would  have  to  provide  an  energy  density  of  220  watt-hours  per  kilogram  and  ^ lo 
5 years  of  lile  at  an  aciiuisitioii  cost  of  $20  per  kilowall-hour  (reference  4). 

f or  these  goals  the  sodium-sulfur,  hthium-metal-sulfide.  /inc-chlorine.  and  lithium-chlorine 
batteries  are  being  develo[Kd  by  various  laboratories  and  companies.  The  energy  densities  of  these 
candidates  are  m ligure  4.  FxcepI  for  the  /.inc-chlorine  battery,  these  are  nonaqueous  systems  and 
generally  have  operating  temperatures  of  .M)0  to  50(X'  An  ambient  teinpi-ralure  litliium-iiietaT 
sulphide  battery  has  recently  been  reported  (reference  5).  All  of  these  rechargeable  batteries  have 
the  potential  for  very  high  energy  and  power  densities.  However,  they  are  in  early  laboratory- 
stages  and  will  require  much  development  before  becoming  a useful  battery  system  for  marine 
applications.  These  batteries  do  offer  the  hope  of  eventually  being  able  lo  powci  a great  variety 
of  marine  vehicle'  and  equipmenl 

SUMMARY 

Figure  5 shows  the  perloniiance  capabilities  of  state-of-the-art  batteries  and  selected  advatiecd 
concepts  Rechargeable  alkali  metal  batteries,  now  being  developed  for  electric  vehicles  for  the  1985 
lime  period,  offer  a potential  improvement  in  performance  beyond  that  available  with  silver-z.inc 
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Figure  4.  Far  term  battery  candidates  ( 1985). 
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Figure  5.  Performance  capability  of  various  battery  systems 
These  data  have  been  extracted  from  reference  (■> 
and  modified  to  include  the  lithium  inorganic 
primary  battery. 
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balleries.  Statc-ot-thc-urt  or  near  term  battLTies  with  pt-rlorniancf  better  than  that  of  silver-zinc 
batteries  are  limited  to  the  primary  type  of  zinc-air  and  lithium  organic  electrolyte  batteries  and 
the  very  high  performance,  lithium  inorganic  electrolyte  battery. 

New  opportunities  to  use  advanced  battery  technology  are  immediately  available  in  many  marine 
applications.  These  include  the  use  of  data  now  available  for  electric  vehicle  propulsion  or  off-peak 
utility  storage.  (This  technology  is  not  yet  adequate  for  its  intended  application  because  of  low 
cycle  life  and  high  manufacturing  costs.)  Another  opportunity  is  use  of  state-of-the-art,  low  cost, 
rechargeable  batteries  for  exercise  or  crew  training  purposes  and  the  more  expensive,  very  high  per- 
formance, lithium  primarv  type  battery  for  missions  that  demand  very  high  energy  density.  Recent 
developments  have  been  ir.a.'e  m lead-acid  batteries  and  lithium  battery  technology.  Lead-acid 
batteries  now  provide  .SO  percent  more  capacity  than  previously  possible,  and  lithium  batteries 
supply  very  high  energy  density  (six  times  greater  than  silver-zinc  batteries)  with  the  large  size  cells 
now  being  made.  This  combination  could  replace  silver-zinc  batteries  where  a primary  "one  shot” 
operation  is  practical  and  economical. 

Until  now.  the  development  of  batteries  for  equipment  has  been  done  without  adequate  redesign 
of  the  equipment,  a procedure  which  does  not  fully  use  the  battery’s  energy  since  the  equipment 
IS  not  redesigned  for  greater  efficiency.  Reduction  in  drag  and  other  inefficiencies  must  be  included 
m the  future  as  part  of  the  overall  system  design.  If  this  is  done  there  will  be  much  more  efficient 
use  of  battery  energy  and  some  of  the  present  batteries  will  serve  as  interim  power  sources. 

Advanced  battery  and  vehicle  drag  reduction  technologies  could  provide  an  effective  improvement 
m energy  utilization,  up  to  48  times  that  obtainable  from  silver-zinc  batteries  for  future  high  perform- 
ance marine  vehicle  applications. 
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HIGH-RATE  CELLS 


I 

I 


♦ 


Meat  transfer  analysis  was  made  for  a system  of  lithium  inorfianic  cells  packatred  as 
a power  source  for  a torpedo.  The  system  consisted  of  I 14  cells,  each  witn  a 2..‘s-inch 
diameter  and  a 0. 42-inch  leiiirth.  The  cells  were  arranged  in  a hexagonal  close-pack  in  a 
12.5-inch-diameter  cross  section.  (i  cells  deep.  The  system  was  sized  to  deliver  I 20  kw  of 
usahle  power.  Waste  heat  was  predicted  to  be  44  kw. 

As  shown  in  Figure  B-l,  the  cell  active  region  was  annular  in  configuration.  Ihe 
region  interior  to  the  active  region  was  to  contain  the  electrolyte  which  would  be  displaced 
by  seawater  subsequent  to  water  entry.  The  anode-cathode  structure  consisted  of  a jelly 
roll  which  resulted  in  17  layers  of  electrode  pairs. 

When  activated,  the  electrolyte  (consisting  primarily  of  thionyl  chloride)  saturated  the  porous 
layers  of  the  jelly  roll. 

A steady-state  and  a transient  solution  were  made,  the  results  of  which  are  shown  as 
Figure  B-2.  The  steady-state  solution  predicted  a temperature  difference  between  the  interior 
hot  spot  and  the  bulk  cooling  water  of  192°F.  The  transient  solution  resulted  in  a temperature 
difference  of  I74°F  for  an  8-minute  torpedo  run  at  full  power.  The  maximum  rise  in  temperature 
of  the  cooling  water  was  found  to  be  I9.8°F  at  a volume  How  rate  of  21.6  gpm. 

The  details  of  the  model  for  the  equivalent  thermal  diffusivity  of  a cell  are  described 
in  the  following  section. 

Assumptions  made  in  the  development  of  the  model  for  equivalent  thermal  conductivity 
are  the  greatest  potential  source  of  error  in  the  solution.  To  test  the  model,  an  experiment 
should  be  conducted  on  an  available  cylindrical  cell,  monitoring  internal  temperature  during  a 
high  discharge  rate.  However,  based  on  the  analysis,  the  heat  transfer  problem  can  be  handled 
effectively. 

The  details  of  the  model  for  the  equivalent  thermal  diffusivity  of  a cell  are  described 
in  the  following  section. 
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peraturc  Difference  From  That  of  Local  Bulk  Value  as 
rime  for  Lithium-Tliionyl  Chloride  Torpedo-Battery. 


I 


TRANSPORT  PROPKRTY  MODELS 


I 

I 

I 

I 

I 

I 

I 

I 

I 

I 


f 


I 


f 

f 


r 


I 

£ 

i 


% 


r 

[ 

T 

f 


l ach  ci-ll  is  constructed  t'roni  17  layers 
ol  anode-catliode  pairs  (shown  at  the  right).  F'ach 
pair  consists  ot: 

a .‘'-mil-thick  I'iberglass.  $b7f  porous 
2.5-mil-thick  lithium 

4- mil- thick  aluminum 
2.5-mil-thick  lithium 

5- mil-thick  fiberglass.  5h7r  porous 
4-mil-thick  aluminum 


h. 

c. 

d. 

e. 

f. 


5-mil-thick  carbon'tetlon,  10'7  tellon,  779f  porous 


FIBERGLASS 

LITHIUM 

ALUMINUM 

LITHIUM 

FIBERGLASS 

ALUMINUM 

CARBON/TEFLON 


The  porous  materials  are  saturated  with  thionyl  chloride  electrolyte  when  the  cell  is  activated. 


Thermal  Conductivity  of  Thionyl  Chloride 

No  experimental  data  are  available  on  the  thermal  conductivity  of  thionyl  chloride. 
However,  data  are  available  on  vapor  pressure,  thermal  expansion  coefficient,  viscosity,  density, 
and  heat  capacity.  An  empirical  formula  which  uses  speed  of  sound  and  density  is  the  Bridgeman 
eipiation  (ref.  1.  p.  2()0): 


where;  k = thermal  conductivity,  cal/cm-s-°C 
N = Avagadro’s  Number 
p = density,  g/cm^ 

M = molecular  weiglit 
K = Boltzman  constant,  1.3805  x 10“*^ 
a = velocity  of  sound 
The  velocity  of  low  frequency  sound  is; 


• ^ f 


lor  liiiiikU  whore  ( = I (r;ilK)  ho;it  o;i|iaoitios).  lloro.  p is  prossuro  ami  I is  tomporatiiro. 

lo  obtain . vapor  prossuro  aiul  tliormal  expansion  ooolTioiont  can  ho  used: 


Hill. 


I 


.].  p 


So: 


Data  dotorminod  at  Hooker  l aboratories  are: 


Spoeilie  gravity  l.s..S°(': 
('oortieiont  thorinal  expansion: 
\’apor  pressure: 


viseosily:  0.80 1 op  0°(' 

0..S45  ep  (■«  .■?7.8°C 

Meat  Capacity:  0.24  cal/f:m-“(' 


1. 640 
I.  x 


‘)6.  mm 

of  hg 

20°(' 

1 47.0 

(u 

30°(' 

221.3 

(a 

40°C’ 

321.6 

(a 

50°C 

4.‘i8.1 

(a 

60°r 

637.0 

{If 

7o"r 

746.0 

(u 

7.s°r 

Op/3T)y  can  be  obtained  from  a plot  of  vapor  pressure  vs.  temperature,  as  shown  on  the 
following  page  (Figure  B-3). 


I hen. 


And, 


(0.2HI44)  — ^ ‘ 

tlO"'’)  (1. 64)  (62.4)/.32.2 


= ‘>.06  X lO^’  ft“/see- 

a=  3.0 1 X lO-"*  ft/sec 

= d|.7.S  X lO-'*  cm/sec 
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Figure  B-3.  Vapor  Pressure  of  SCX'Ij  as  a Function  of  Temperature. 
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riuis.  suliNlitutiiip  inlo  tlK*  Hriilgman  et|uation: 


k = :.8() 


X lO--"*  (l.(>4) 


I 


\ 2/3 
) (1.2 


X i(r'")  (yi750) 


= l.453‘J  X (O'*  crp/ctn-.s-°(' 


= ().()X3X  BrUH4ir-°l- 

Another  ompirical  relationsliip  which  is  reasonably  ttooil  at  eorrelatinj;  a large  nuiiiber  ol' 
ilata  is  tlie  Smitli  ecpiation  (ref.  2,  p.  7X). 


wliere:  k 


n 

M 

1’ 


Ihen: 


k 


0.()02bb  + (Cj, 


0.45)-^  + 0.3 


1 .3 


I 9 

+ 0.0242  V 


thermal  concliietivity.  B ru/hr-ft-”!' 
heat  capacity,  B TU/lh-°I' 
specific  gravity 
nurleciilar  weight 
kinematic  viscosity,  centistokes 


k 


0,002()b  + l..S(i  (0.24  - 0.4.3)-^  + 0.3 
+ 0.0242  (O..S4.S;l.()4)' 

0.0824  BrU/ft-hr-°|- 


/ 1 .(>4 

y I m 


I /3 


This  is  remarkably  good  agreement  of  results  from  two  different  empirical  relation- 
ships. One  can  have  a high  degree  of  confidence  in  using  this  number. 


Thermal  Conductivity  of  Porous  Materials 

If  we  assume,  for  tightly  packed  layers,  that  the  heat  path  along  the  solid  material  is 
in  parallel  with  that  along  the  liquid,  then: 

k = kj,nj,  + kjiUf 

where:  k = equivalent  thermal  conductivity 

kj.  = thermal  conductivity  of  soliil 
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= thermal  comliictivity  of  liquid 
iij  = volume  fraction  of  solid 
= volume  fraction  of  liquid 

The  thermal  conductivities  of  the  materials  of  interest  are; 


carbon; 

3.0  BTU/ft-hr-°F 

tetlon; 

0.14  BTU/ft-hr-°F 

gla.ss: 

0.605  BTU/ft-hr-°F 

Since  the  carbon/tetlon  solid  is  constructed  by  pressing  the  tetlon  and  carbon  together, 
again  one  may  assume  parallel  heat  paths  along  each  constituent.  Thus,  for  the  solid  carbon  tellon 
layer: 

k = (3.0)  (0.9)  + (0.14)  (0.1) 

= 2.714  BTU/ft-hr-°E- 

In  the  saturated  condition,  the  carbon/teflon  layer  has  a thermal  conductivity: 

= (2.714)  (0.23)  + (0.083)  (0.77) 

= 0.6881  BTU/ft-hr-°F 

The  fiberglass  layer,  in  the  saturated  condition,  has  a thermal  conductivity: 
kfg  = (0.605)  (0.44)  + (0.083)  (0.56) 

= 0.3127  BTU/hr-ft-°F 


Thermal  Conductivity  Model  for  Cell  Active  Region 

Since  the  heat  path  is  perpendicular  to  the  layers  of  each  anode-cathode  pair,  a 
series  model  for  the  overall  thermal  conductivity  of  the  entire  active  region  may  be  assumed. 


where; 


t^  = *fg  + *Ci  + *aC  + ^ + ^ff  + ‘aC  + ^ct 

^ *‘fg  •‘gi  '^ag  '^gi  '^fg  '^ag  ^'t 

t = thickness  of  one  anode-cathode  pair 

k = apparent  thermal  conductivity  of  active  region 

tj-g  = thickness  of  one  fiberglass  layer 

kj-^  = thermal  conductivity  of  saturated  fiberglass  layer 

tjji  = thickness  of  one  lithium  layer 
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k^ij  = theniKil  coiulucIlMty  ol  lilhiuin  a 

= thickness  ol  line  .iluiuiiuiin  \er  " 

ky^>  = tlienniil  coiuiuctivily  ol  ;iliiniMuiin  j 

= thickness  ol  one  carhoii  lellon  layer  ' 

k^.(  = tlierinal  coiulncliv ity  ol  saturated  carhon'tellon  layer 

^ _ 5 :.5  4 :.5  5 4 5 

k ~ 0.3127  41.2  IIS  41.2  0.3127  118  ^ 0.6881 

= 3d.43.‘i 

k=  -« 

39.435 

= 0.7100  BTU/rt-hr-”F 

Heat  Capacity  .Mode)  for  Cell  .Active  Region 

Fhe  total  amount  of  heat  any  system  of  n constituents  can  store  is  simply: 

n 

" i "’i  "vi 

where:  nij  = mass  of  ith  constituent,  gm 

c'vi  = heat  capacity  for  ith  constituent,  cal/gm-°C 

I hen,  an  apparent  heat  capacity  for  the  entire  system  tnay  be  defined  as; 

n 


or  the  present  cell  with  the 

constituent 

core  tilled  with  seawater. 

mass,  gill  heat  capacity.  C'al/gm-C 

seawater 

60.4 

1.0 

aluminum 

201.78 

0.216 

lithium 

17.7 

0.060 

carbon 

27.6 

0.173 

tetlon 

3.0 

0.25 

glass 

78.1 

0.20 

tliionyl  chloride 

248.25 

0.24 

Substituting  these  data  into 

the  equation,  the  apparent 

heat  capacity  tor  the 

C‘  = 0.305  BTUMh-“r 

V 


An  iipparcnt  (.icnsity  may  be  ilel'incd; 


n 

S 


111; 


volume 

726.83 

440 


= 1.652  g/cc 

l inally,  an  apparent  thermal  (.lit't'usivity  tor  the  cell  may  he  delinetl. 


apparent 

0.7100 


(1.652)  (62.4)  (0.305) 


= 0.0226  rt"/hr 
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All  properties  have  been  evaluated  at  100°1'. 


AO-A047  656 


UNCLASSIFIED 


NAVAL  UNDERSEA  CENTER  SAN  DIESO  CALIF  F/6  10/3 

DEVELOPMENT  OF  LITHIUM  IN0R6ANIC  ELECTROLYTE  BATTERIES  FOR  NAVY— ETC (U) 
FEB  77  J F MCCARTNEY*  « H SHIPMAN 


X 


N 


NUC-TP-8B6 


NL 


Soi'lion  Rclcrcncos: 


I 

I 


1 Uiril,  K B.  W I.  Su-».irl,  anil  I.  \.  I i^hlhMil,  tfjnspi>fl  Plioiminciij.  John 
Now  ^ Ork  (l‘h»()>. 

2.  J.ioob.  M.  Houl  Iraiistor.  N'ohiiiio  I.  Jt>lin  Vkilo>.  .Now  ^ i*rk 

STI  ADY-STATI  SOLI  TION 

Tho  modol  tor  tho  sloady-stalo  boat 
Iranslor  in  a ooll  iiso's  Iho  iiooinotry  at  tho  ri»:lit  and 
tho  follow  111)!  assumptions: 

I Stoad\  Stato  has  boon  roaohod 

2.  No  thormal  I'radiont  in  tho  innor 
aiul  oiitor  ahiminiini  sholls. 

.V  Ono-dimonsional  Iradial)  boat  transtor 

4.  Uiiilorm  boat  )!onoration  in  tho  aotivo  roiiion. 

Start  with  tho  boat  oondiiotion  oi|iiation. 

r-  I .1. 

whoro;  T = toniporatiiro 

(|  = boat  jionoration  por  unit  vohimo 
k = thormal  ooiuluotivity. 

lnto)'ratin)!  onoo  with  rospoot  to  r; 


1 . 

i 

1! 

1 1 


riuTctorc 


Ihi*  IocjI  heat  lliix  at  any  point  is; 


»» 

‘I 


IMh)!  C(|iijlion  (2): 


»$ 

‘I 


■>  •> 
(r-  -r|-| 


lnU-)!rutin):  dilution  (2)  uml  iiMni:  hoiindar>  condition  (2h|: 


r - I; 


Ar<r-r,l- 

2k  [~3^ 


In 


(r/rj) 


(4 1 


(5i 


(fit 


lor  a thin  outer  insulatin):  layer 

•‘o 

q"  =—  (Ti-r^t  (7) 

*o 

where:  = thermal  conductivity  ot  outer  layer 

tj,  = thickness  ol  outer  layer 

At  the  outer  surlace.  the  heat  llu\  is; 

q"  = h^  <T3-roo>  (Hi 

where.  h^  = local  surface  conductance 

Too  ~ f'ulk  temperature  of  the  coolinj!  water 

Makmt!  a heat  balance: 

kfl 

^’x'^o  <T3-Too)  =—  >rr32  (j.,-!,)  rrrs'  (rs--r|‘)  (9) 

‘o  “ 2r  " - ' 

where:  = outer  area  exposed  to  the  cooling  water 
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Assiiniint!  that  S()'>  til  ilu-  oiilMili'  area  is  wolu-ti. 


Aj,  * O K irr^” 


i ron)  ci|iia(ions  (^1  ami  (I0|; 
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TRANSII  NT  SOLUTION 


I or  tr:insicnt  heat  eonduetion.  tlie  proper  starting  point  is: 

P If  = 

lor  radial  direction  variation  only 


ar  k d , ai 

p at  r ar  ar  * 


III 


l2l 


Although  the  problem  ean  be  handled  rjuite  well  with  Unite-tdement  or  finite-diHerenee 
computer  codes,  a closed-lomi  solution  with  the  present  boundary  conditions  is  not  possible 
(such  a code  was  not  available  at  the  time  this  analysis  was  neededl.  It  is  necessary,  there- 
lore.  to  construct  a solution  from  various  available  solutions  with  dillerent  boundary  conditions 
and  or  geometry. 


Slab  VliHlel  tor  Iransient  Heat  Conduction  - 

From  reference  1.  page  132.  the  solution  for  transient  heat  conduction  in  a slab 
with  uniform  heat  generation,  one  boundary  at  constant  temperature  1^,.  the  other  boundary 
subiect  to  convection,  and  the  initial  temperature  throughout  at  T„: 


where; 


T-T  = — 
« 2k 


- bh 
2 + — 
k 


1 


- x- 


>1  I)  ^ 
^ 11= 1 


A„  (x.t) 


(31 


sin  (0J,  X)  (1-cos  /Jp  b)  e ~“^n  * 


Ap  (x,t) 


bh 


^P^  sin  (2/Jpb)  ir^  ^ 


(4) 


^P  = positive  roots  of  /Jeot  (/Jb) 


(5) 
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slab  Ihukncv. 


b 

\ = loordinali*  iniMsurcil  fnun  lacc  where  1*1,, 

h = Mirlaee  coiuliietanee 

a = Ihernial  (liUusivtly 

t = time 


SoIkI  Cyliiuier  VUnlel  li)r  Iransient  Heat  (Diuluetion  • 

I rom  reference  1.  pajte  205.  the  solution  l«)r  uniform  heat  iteneration.  the 
bonmlary  at  T„.  and  the  initial  temperature  throughout  at  l„: 


where 


tbl 


(7( 


An  approximate  solution  to  the  cell  heat  transfer  problem  can  be  constructed 
from  the  solutions  for  the  slab  and  solid  cylinder. 
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At  the  interior  eritieui  point  (hot  spot),  the  temperature  dilierente  biMween  the  point  and  the 
loeal  bulk  How  is.  approximately: 


S\ 


max 


' o 

^ (3) 


(‘M 


where  Al  ^is  the  solution  lor  a slab  ol  thickness.  r-»-r|.  outside  surface  temperature  e«|uj|  to 
the  h>cal  bulk  temperature,  and  inside  boundary  condition  of  natural  convection  with  surface 
conductance  of  1.0  BTl'/hr-ft“-°r.  Temperature  difference  i^T^  is  the  vilution  for  a solid 
cylinder  of  the  same  volume  as  the  cell  active  region  with  outside  surface  conductance  ol  100 
BI I'  hr-ft“-'’l-  (a  value  which  can  reasonably  be  obtained  with  proper  design).  I inally.  ^ 
is  the  temperature  difference  for  a solid  cylinder  with  an  infinite  outside  surface  conductance 
(same  as  a surface  temperadire  of  Tqo)  and  a volume  e«)ual  to  the  cell  active  region  volume. 

riie  difference  between  the  surface  temperature  of  the  cell  and  the  local  bulk 
temperature  can  be  approximated  with: 


^^surf  “ AT0 

where  © is  the  steady-state  solution  for  the  cell,  and  is  the  solution  for 

A r0  as  t -»  <», 

These  solutions  were  handled  with  the  aid  of  the  1110  computer.  The  loss 
per  cell  is  watts,  which,  when  allocated  uniformly  to  the  active  region,  is  130757.2 

BTU/hr-IT^  for  a cell  active  region  volume  of  17.40^)  in*^. 
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Sei'tion  References: 
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I 


BULK  FLOW  SOLDI  ION 

Ihc  crms  stvCion  ol  a siinslc  Hou  passatfi' 
between  eells  have  a curvilinear  Irianttle  shape. 

Ihe  area  is; 

A = area  trianttic  • 3 area  sector 


K-X7 


4-(2rs)l2rs>  510(60")  - 3(  I '3  irrs"i 


The  wetteil  perimeter  is: 


3(2  jrrs'bt 


Ihe  liydraulic  diameter  is: 


In  the  thermal  entry  region  an  approximate  solution  lor  the  Niisselt  number 
can  be  obtained  Irom: 


Nil  = ~ (Nil),, 

(Nu«)  o ‘ 


Nu  = Nusselt  number,  hl)/k 

h = surface  conductance 

D = duct  diameter  (actual  or  hydraulic) 

k = fluid  thermal  conductivity 

(NUoo)^  = Nu  for  thennally  developed  laminar  flow  in  a trian»>ular  duct 

lNUo<,)(,  = jMu  foi-  thermally  developed  laminar  flow  in  a circular  duct 

tNu)j,  = Nu  in  the  thermal  entry  region  for  laminar  flow  in  a circular 
duct 
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I ho  hoiiiular>  ooiulition  mIikIi  iiimt  olosi’ly  lits  (ho  proso'iit  siluation  is  dial  nl  uiiiltirin  hoal 
I1ii\  (o  (ho  (low  Iron)  (ho  coll  walls 


I 

I 

I 


Usually,  (ho  sorios  convorges  widiin  or  4 (omis.  Assuming  h^  = 100  BTU  ((“- 
hr-°r  is  a roasonablo  valuo  a(  (ho  ilow'ns(roam  end  of  oaoh  coll  lups(roam  i(  would  bo  highorh 
(ho  mass  How  ra(o.  m = pVA.  oan  bo  ob(ainod  Irom  oqualion  7 by  i(ora(ion.  Ihon. 

ioo  (x)  - Too  = M'm  Up  <H) 

whoro:  loo  (x)  = local  bulk  (ompora(uro  al  x 

loo  <0)  = (omporadiro  al  ups(roam  oiul  ol  coll 


i|  = hoal  Iransfor  inlo  (ho  Ilow  passage.  BlU'hr 

m = pVA.  mass  Ilow  ralo  in  a passago 

Up  = hoal  capacily  of  Iluid 
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It  It  IS  assiiiiK'il  that  llic  t1«iM  IS  swirloU  hy  siuiu'  means  hetMeen  cells,  then  a 
mixeil  t1i>w  will  enter  the  tlow  passaise  at  each  cell  liKaiion.  I'sinc  eiiuatinn  K,  the  maxiinuni 
hulk  temperature  will  he: 


* ^w^max  ~ '*«»*amh 


l„  (XI  - l„  (0l  CM 


where 


( loplmax  ® maximum  hulk  tempi'rature  (at  the  ilowiistream  end  «»(  the 
hattery-  section) 

( lootamh  ~ amhient  hulk  temperature  (at  entrance  to  the  hattery  section) 


The  heat  transferred  to  the  How  per  cell  location  at  steady  state  is; 
q = q (^  Vy) 

= q \'.J2  (10) 

where;  V,.  = volume  of  active  region  in  single  cell 

U 

Using  equations  4.  5.  h.  and  7.  fixing  h^  = 100  BTU/hr-lf-  I-,  and  evaluating 
properties  at  the  film  temperature  (assumed  to  be  l(K)  I ).  the  necessary  mass  tlow  rate  is 
found  to  be  0.400  gpm  per  tlow  channel  or  2I.(>  gpm  for  the  entire  hattery.  The  Reynolds 
number  for  the  tlow  is  14X2.  well  within  the  laminar  region  assumed. 

Using  equations  8.  and  10.  substituting  values  = I7.40‘(  nr'  and 
q = 1.10.757  BTl'  hr-tt*'.  the  steady-state  temperaturc  difference  across  the  hattery  for  the 
bulk  tlow  is  found  to  be  0.76° I'. 
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